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1.0 SUMMARY

The overall objective of this progrem is to implement the use of Contin-
uous Seam Diffusion Bonding, CSDB, for the production fabrication of the
UH-60A BLACK HAWK Helicopter titanium alloy 6A1-4V main rotor blade spar.
The program is a production oriented effort to establish and demonstrate
CSDB as an alternate lower cost manufacturing process to the current pro-
duction Plasma Arc Welding, PAW, Process. The program was originally
Planned in two phases. The goal of the present contract, Phase I, is to
apply the CSDB process to the fabrication and evaluation of ten foot
length tubular spars. Phase IT which has not been initiated, was intended
to scale-up and fabricate twenty-five foot long prototype spars. The
Phase I effort has been completed and has demonstrated that CSDB is a
viable alternate to the current PAW Process for producing main rotor blade
spars or other similar aircraft structures. Phase I included: establish-
ing a tubular pre-form shape and design that can be produced by cold brake
forming and Jjoined by CSDB; a parametric variation study to provide basic
bonding tool concepts; determination of process controls and cobtain basic
parameters for bonding full-scale pre-forms; design and fabrication of
tooling to accomplish CSDB of ten foot pre-forms into ten foot long spar
tubes of good bond quality; and the non-destructive inspection, MDI, and
physical testing of the ten foot diffusion bonded spar tubes.

Establishing a tubular pre-form shape and design that could be produced
by cold brake forming titanium sheet material and joined by CSDB wes
accomplished by eveluating several pre-form configurations and tooling
fixture designs. The evaluation was achieved by conducting a trade-off
between cold brake forming limitations and cost, vs bonding equipment and
tooling requirements. The objective of the trade-off was to minimize the
tolerance requirements for the pre-form in order to minimize recurring
production cost. This approach required that the bonding fixture would
accommodate the maximum variation in the pre-form while still maintaining
consistent reproducible high quelity diffusion bonds. Once the pre-form
configuration was established, titanium sheet material was brake formed
to the selected pre-form shape, welded, and creep formed to an airfoil
contour to demonstrate the ability of the selected shape to be creep
formed successfully. Final modification to both the final pre-form con-
figuration and to the bonding tool fixture was not accomplished until
after actual hardware had been fabricated and trial bonding attempts had
been performed.

A parametric variation study to prove basic bonding tool concepts,
determine process controls and obtain parameters for bonding full-scale
pre-forms was accomplished by investigating several bonding variables

and material conditions. The bonding varisbles and material conditions
selected for investigation were: the standard bonding conditions of
speed, current, and force used successfully in previous work; the
standard bonding conditions varying speed, current, and ferce; difference
in material thickness; non-parallel edge fitup; edge roundness; and gap.
Results of the study indicates that good Joint quality is produced with
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a wide range of standard conditions of current, speed, and force; however,
nonparallel edge fitup, rounded corners, and gaps do not produce good qual-
ity Joints even under optimum bonding parameters.

Based on the selected pre-form shape, the design of the tooling fixture,
and the results of the process parameter study, titanium pre-forms were
fabricated and diffusion bonded. Several modifications to the selected
pre-form shape and changes in the tooling fixture design were incorporated
as trade-off items before a satisfactory pre-form tube spar was finally
produced. These modifications included symmetrical pre-forms with parallel
top and bottom surfaces, and a variable height mandrel by the additions of
shim material and the use of tantalum material as thermal strips. An op-
timization study to determine bonding conditions with the use of tantalum
material thermal strips was also conducted on segments cut from one pre-
form. The resultant modificetions produced CSDB spar tubes of good bond
quality. Non-destructive inspection of the diffusion bonded spar tubes
included visual, borescope, fluorescent penetrant, radiographic, and ultra-
sonic methods. No evidence of voids, nonbonding, or lack of diffusion were
detected in the bonded joint. However, an undesirable menufacturing defect
wes evident in several locations on the spar tubes away from the bond joint.
The defect was produced by the interaction of the titanium pre-rform with
the tooling and appeared as a burnt spot in the tube which could be elim-
inated in the future by minor tool modifications. Subsequent fatigue
testing of one full-scale ten foot long and twelve, nine inch long small-
scale specimens indicated that the CSDB process produced fatigue properties
which are adequate for use in critical dynamic applications such as the
BLACK HAWK main rotor blade spar.

A follow-on Phase II effort to the present contract was intended to scale-
up the facility and process to enable diffusion bonding of full length
twenty-five foot long BLACK HAWK spars, and obtain a production cost basis.
Additional qualification tests of sections of the full length spar were
also proposed prior to a production commitment. Although encouraging re-
sults have been obtained in the current contract effort, pursuit of the
follow-on or the originally proposed Phase II effort is not recommended at
this time because of the following reasons: (a) A substantial capital in-
vestment has already been committed to production plasma arc welding
equipment and a significant amount of full scale qualification date on
plasma arc welded spars has now been obtained for the BLACK HAWK, UH60A
helicopter. (b) A significent additional dollar commitment would still be
required to scale-up the CSDB process to produce full-size, twenty-five
foot long production spars and obtain the qualification data necessary to
be able to incorporate CSDB spars into production. (c¢) The time frame of
the existing production schedule for the UH60A helicopter with respect to
that time at which CSDB spar implementation could be accomplished is such
that it is not expected that a substantial return on investment would be
realized at this point in time.

Regardless of the decision not to proceed with Phase II of the current con-
tract, continuous seam diffusion bonding has been demonstrated to be a via-
ble manufacturing process and should be considered as an alternste fabrica-
tion procedure for blade spars as well as other similar joining applice-
tions on Ti-6A1-LV aircraft structures.
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2.0 INTRODUCTION

2.1 Background

The continuing demand of the aerospace industry in the production of more
efficient aircraft has led to the extensive use of titanium alloys for
critical aircraft components. These components are often very large with
intricate shapes and contours, and mey represent a significant cost ele-
ment of the aircraft. In order to minimize cost of titanium components,
it is essential to exploit both design, and manufacturing methods &nd
techniques which conserve titanium and reduce the cost of hardware fab-
rication. Considerable effort in this area has been expended by Sikorsky
Aircraft, especially as related to helicopter main rotor blade spars. The
original method of manufacturing the titanium main rotor blade spar for
the H-53 helicopter was to begin with a 4,000 pound titanium billet, forge
and extrude it into a 3,400 pound 33 foot hollow tube, ané then machine
and creep form it into the desired aerodynamic contour. The finished

spar weighed only 206 pounds. Because the cost of titanium is high and
there is a considersble amount of machining required, this method of
febrication is extremely costly and impractical. Several methods of
producing lower cost titanium spars have been evaluated extensively.
These methods include canning the extrusion, cold forming and hot forming
of extrusions, and sheet metal construction. The most economical of these
processes and the present method used by Sikorsky Aircraft for manufactur-
ing titanium main rotor blade spars is by joining cold brake formed sheet
m<tal by plasma arc welding, PAW. Titanium sheet is cold brake formed

tc e circular shape, joined along its longitudinal seam by PAW, and creep
formed into the desired aerodynamic contour in a heated ceramic die. A
composite cover and honeycomb core is added to obtain the final airfoil
configuration. The manufacturing operation is illustrated diagrammatically
in Figure 1.

Plaesma arc welding was selected by Sikorsky as the low risk solution for
Joining the seam in the titanium blade spar on the YUH-E0OA, UTTAS proto-
type aircraft subsequently identified as the UH-60A, BLACK HAWK. This
selection was based on informetion and experience available in 1971 when
the aircraft was in its initial stage of design. Looking forward to future
production requirements, several early Manufacturing Method and Technology,
MM&T progrems were initiated and successfully completed. These early pro-
grams successfully evaluated Continuous Seam Diffusion Bonding as & poten-
tial lower cost, relisble alternate to plasma arc welding. The major
advantages of CSDB is that the process is accomplished in air with minimal
process controls as compared to plasma arc welding which requires an inert
atmosphere and numerous process controls. An added advantage to CSDB is
the relative ease in inspection of the flat diffusion bonded joint as
compared to inspection of a contoured irregular shape weld bead. In an
initial evaluation program, Reference (a), two 10 foot D-shaped simulated
spar shapes were hot formed, diffusion bonded, and full-scale and small-
scale specimens fatigue tested. This testing was extremely successful

and confirmed the acceptability of the CSDB process for this type of
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application. In the Reference (b) program, process variables associated
with the CSDB operation were defined and investigated. The results of
this program demonstrated that good quality is produced with a wide range
of standard conditions of current, speed, and force; however, as expected,
poor fitup and contamination could produce poor quality joints even under
optimum bonding parameters. In the Reference (c) program, NDI techniques
were investigated and several evaluated. Results indicated that "state
of the art" NDI techniques could be utilized to evaluate diffusion bond
Joint quality. With this encouragement the present MMT program was in-
itiated and aimed directly at the UH-60A BLACK HAWK main rotor blade spar
application.

2.2 Process Description and History

Continuous seam diffusion bonding is a simple, solid state bonding process

that involves local electrical resistance heating of material to & temp-

erature considerably below its melting point. Sufficient pressure is

applied to achieve intimate contact and diffusion of atoms across the

Joint, thus creating a metallurgical bond. The work piece is mounted on

a carriage with an internal mandrel serving as one electrode and passes

under an external wheel electrode. <Current flowing from the wheel through

the joint to the backup mandrel provides localized heating. Joining

pressure normal to the bondline is obtained when the locally heated

material under the wheel trys to expand end is restrained by the friction !
of the wheel surface and the rigid external tooling. Carrisge speed, i
wheel current and force are adjusted to accommodate different materials, ;
part type, and material thickness. A closed loop feedback control of g
temperature and pressure provides repeatsbility of bonded joints and makes
the process suitable for production. The process is accomplished in air q
with no protective atmosphere. An illustration of the CSDB spar and h
tooling concept is shown in Figure 2.

Solar Division of International Harvester, San Diego, California, a
developed CSDB in 1965 and applied it to the fabrication of many smell
titanium structures. Significant development of the process was achieved
and the process was subsequently applied to production hardware.
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2.3 Program Scope and Methodology

The overall objective of this program is to implement the use of
continuous seam diffusion bonding for the production fabrication of
helicopter main rotor blade spars as a low cost manufacturing process.
The program was planned as a production oriented task with an integrated
two-phase effort. Phase I was to be a relatively low cost risk reduc-
tion stage which would establish the brake form titanium sheet pre-form
configuration; process parameters; tooling capable of bonding Army UH-60A,
BLACK HAWK helicopter type ten foot long spar tubes; non-destructive in-
spection, NDI, technique for CSDB spar tubes; and physical testing of

the ten foot long diffusion bonded spar tubes. This first phase of the
program was accomplished with Solar as Sikorsky's prime subcontractor
providing Sikorsky with maximum CSDB technology and support. Phase II
was to scale-up the tooling equipment to accommodate fabrication of full-
size, 25 foot prototype spar tubes. Subsequent inspection and fatigue
testing was to provide the necessary data base to determine the produc-
tion cost for implementation of continuous seam diffusion bonding BLACK
HAWK spars into production.
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3.0 PRE~FORM AND TOOLING CONCEPT

An evaluation was conducted to establish & pre-form configuration and

a tooling fixture design that could produce a CSDB titanium spar tube
of high quality. The requirements for the selected pre-form configura-
tion entailed the capability of being produced by cold brake forming
titanium sheet material and subsequently joined by CSDB. The require-
ment for the selected tooling fixture design included the capability

of positioning, clamping, and holding the cold brake formed titanium
pre-form in such & manner that the pre-form could be joined by the CSDB
process. In order to obtain an adequate pre-form shape and a tooling
fixture design, the evaluation consisted of a trade-off between cold
brake forming limitations and cost, and bonding equipment and tooling
requirements. The objective of the trade-off was to minimize the
tolerance requirements for the pre-form in order to minimize recurring
production cost. This approach required that the bonding fixture would
accommodate the maximum variation in the pre-form configuration while,
still maintaining consistent reproducible high quality diffusion bonds.
The final pre-form design was elliptical in shape and symmetrical about
the centerline of the titanium sheet with parallel top and bottom sur-
faces. The final tooling concept was based on the final pre-form selec-
tion. The bonding tool fixture consisted of a base plate with fixed
vertical side blocks, side vice clamps, segmented hold-down top pletes,
and an adjustable internal mandrel. Once the pre-form configuration was
finalized, titanium sheet material was brake formed to the selected pre-
form shape, plasma arc welded along its longitudinal length to simulate
a diffusion bonded joint, and hot creep formed to an airfoil contour.
This task demonstrated the ability of the selected pre-form shape to be
creep formed successfully to the required airfoil contour. It should be
noted that the final modifications to both the final pre-form configura-
tion and the bonding tool fixture were not accomplished until after
actual hardware had been fabricated and trial bonding attempts had been
performed.
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3.1 Pre-form Configuration

Prior to the brake forming operation the titanium sheet materisl is
milled and ground to specified width, thickness, and length dimensions,
The sheet width must be milled such that the required spar circumference
will meet drawing tolerances after the CSDB Joining operation. The edges
of the flat sheet must be milled at a specific angle such that after
forming to the pre-form shape the edges to be Joined are perpendicular

to each other. The milled, butted surface to be joined also requires a
surface finish of 100 AA or better. After milling, the edges are not
deburred. The square, sharp, knife edges are required in order to obtain
a good quality diffusion bond. Rounded or chamfered edges can lead to a
non-acceptable CSDB joint. The square, sharp, knife edges of the titanium
sheet are subsequently protected with vinyl edge strips during storage
and during cold brake forming into the pre-form configuration. The
strips are only removed for chemical cleaning of the spar and immediately
prior to loading the spar into the tooling fixture for diffusion bonding.

A preliminary pre-form specification was developed and forwarded to Solar,
the CSDB vendor, as a guide for the design study of the equipment modi-
fication and bonding tool necessary to bond the pre-forms. The prelim-
inary approach consisted of cold brake forming the titanium sheet material
into a round tubular shape pre-form with a flat surface at the top of the
pre-form where the pre-form is to be Joined by the CSDB method. Figur~

3 shows the initisl proposed preliminary design pre-form shape illustra-
ting areas that would require control. Upon review of the proposed pre-
liminary design pre-form shape by Solar, a second pre-form configuration
evolved. This second pre-form configuration was elliptical in shape with
a flat surface at the top of the pre-form, at the diffusion boné. location,
and at the base of the pre-form, opposite the bond joint location. The
flat surface at the base of the pre-form was incorporated in order that
the pre-form and internal mandrel could be easily positioned within the
bonding fixture prior to bonding. Further modifications to this ellipti-
cal shape pre-form resulted in a final design configuration that is
symmetrical with parallel top and bottom surfaces. The symmetry of the
pre-form consist of the vertical centerline et the base of the pre-form
coinciding with the bondline or projected bondline at the top of the
pre-form. This symmetrical shape is advantageous because it will assist
in the loading and clamping of the pre-form in the bonding tool and will
contribute to a better quality spar tube. A sketch of the symmetrical
pre-form elliptical shape with parallel top and bottom surface is pro-
vided in Figure 4, The specification of the final design configuration
and requirements is provided in Section 10.1, Appendix A. The brake
forming operation was accomplished on a 1000 ton hydraulic press brake,
Figure 5. The titanium sheet was initially brake formed at the ends to
the 90° position. The sheet was then formed to an intermediate ellipti-
cal formed shape. Final forming was completed to the symmetrical con-
figuration. The procedure establishing the actual brake forming opera-
tion is described in detail in Section 4.5, "Pre-form Fabrication".
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3.2 Creep Forming

Once the pre-form configuration was finalized, it was necessary to
verify that the selected elliptical pre-form configuration could be
creep formed successfully to the required finished airfoil shape. The
ability to creep form the elliptical shape was questionsble until demon-
strated because of the flat areas in the pre-form which are required for
diffusion bonding. A six foot length of titanium sheet material was
brake formed to the selected elliptical pre-form shape and plasma arc
welded along its longitudinal length to simulate a CSDB joint. The six
foot joined pre-form was hot creep formed to the BLACK HAWK blade con-
tour and twist in the BLACK HAWK production ceramic die creep forming
press, Figure 6. Initially, the joint is located along the flat area
of the short axis of the ellipse. After creep forming, the joint is
located at the long axis of the airfoil shape. The tube shape is creep
formed from a six inch by four and one quarter inch (6" x L¥") ellipse
to a one and three quarter inch by seven and one-half inch (1-3/4 x
T-1/2") airfoil shape. The operation is illustrated diagrammatically

in Figure T with the change in cross section before and after creep
forming depicted.

The hot creep forming operation involved chemical cleaning the joined
pre-form, sealing the ends by welding on caps, connecting an access

tube for pressurizing the internal cavity, attaching restraining lugs

for use to align the tube in the die, protecting the assembly against
high temperature contamination, and forming the pre-form to the desired
contour in a heated ceramic die. Cleaning the joined pre-form entails
soaking it in an alkaline bath, and acid etching it in nitric-hydrofluoric
solution. Conical titenium caps are manually plesma arc welded to both
ends of the Jjoined pre-form to seal the internal area allowing it to be
pressurized with Argon during the hot forming operation. An access tube
is connected to one of the end caps providing & means for pressurizing
the cavity. Restraining lugs are welded to the external tip of each
conical cap and are used to position the Joined pre-form in the ceramic
die. The sealed, Joined pre-form, with the end caps, access tube, and
restraining lugs is coated with an inert Turco film. This film helps
protect the external surface of the tube from elevated temperation
oxidation during the hot creep forming operation. The assembly is
placed, positioned, and aligned in the ceramic die hot forming press

and purged internally with Argon. The assembly is pressurized internally
with Argon to 25 psi during the first two hours heat-up cycle. Upon
reaching the required 1335 :.35°F, the Joined pre-form is straightened

in the die cavity, the internal Argon pressure is increased to 50 psi,
and the creep forming cycle is initiated. Actual creep forming of the
Joined pre-form to the airfoil contour is achieved in approximately one
hour at the creep forming rate of 0.1 inch per min. Subsequent to creep
forming the Joined pre-form, the assembly is stress relieved. The stress
relief is performed at the same temperature of 1335°F with an increase

of internal Argon pressure to 65 psi for two hours. After the two hour
stress relief cycle, the heat to the creep forming press is shut off and
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FIGURE 6. BLACK HAWK MAIN ROTOR BLADE SPAR CERAMIC DIE
HOT CREEP FORMING PRESS.
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the fans are turned on, initiating forced cooling of the creep formed
spar. When the spar is cooled to 800°F, after approximately six hours,
it is removed from the die. A Kolene hot salt solution is utilized to
remove the inert film and any scale. Figure 8 illustrates a temperature,
time, and pressure relationship during the creep forming operation. The
spar is subsequently acid etched in nitric-hydrofluoric removing .001 to
.002 inches of material from each surface to eliminate any minute layer
of alpha case that could have formed during the hot creep forming opera-
tion. The tube contour and bow were inspected on the production tem-
rlate fixture and found to be satisfactorily within production drawing
requirements. Figure 7 portrays views of the six foot tube spar before
and after the creep forming operation. Note that the joint is located
at the short axis of the ellipse before creep forming and on the long
axis of the ellipse after creep forming. Figures 9 and 10 show the
creep formed spar on the contour inspection fixture depicting its satis-
factory conformance. This creep forming operation successfully demon-
strated the ability to creep form the selecteda elliptical pre-form con-
figuration to the required finished BLACK HAWK spar contour.

INTERNAL ARGON PRESSURE (PSI)

>0<——25—+50+65>}‘r 25 ;l‘ 0—-'
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FIGURE 8. TIME, TEMPERATURE AND PRESSURE PLOT OF CREEP FORMING OPERATION.
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FIGURE 9. OVERALL VIEW OF CREEP FORMED SPAR ON CONTOUR INSPECTION FIXTURE.

FIGURE 10. CLOSE-UP VIEW OF CREEP FORMED SPAR ON CONTOUR INSPECTION
FIXTURE. NOTE EXCELLENT CONFORMANCE TO CONTOUR FIXTURE.
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3.3 Tooling Coneept

Based on the proposed preliminary round tubular pre-form shape, the
original tooling design concept was prepared. The tooling design con-
sisted of a two inch thick aluminum base plate with four inch wide alu-
minum fixed vertical side blocks; one fixed and one adjustable, one inch
thick steel side vise clamps; sixteen, half-inch thick by nine inch wide
by twelve inch long segmented steel hold-down top plates; and a twelve
foot long by one inch wide by six inch high internal mandrel unit con-
sisting of steel and copper components. Clamping and positioning of the
pre-form within the tooling fixture was originally intended to be accom-
plished with cam-action type clamps and fast traverse vise assemblies.
The internal mandrel unit was initially a fixed height dimension. A
sketch of the original tooling concept is provided in Figure 11. Upon
review of the original tooling design concept, it was concluded that
greater flexibility of the bonding fixture was needed. This increase in
flexibility was required in order to accommodate a wider range of toler-
ances in the pre-form shape which would allow fabrication at lower cost.
The primary change in the tooling design involved adjustment capability
for both sides of the fixture, i.e., the fixed steel vice clamp was made
movable. Other changes included replacing the cam-type clamps with bolts
to insure intimate contact of the butt Joint to be bonded and to secure
positioning of the pre-form onto the internal mandrel. The internal
mandrel was changed to a rectangular shape cross section in order to
accommodate the flat bottom of the elliptical shape pre-form and from a
fixed height to & variable height unit by the addition of shim material
to the base of the rectangular shape section. The contact points on the
side vice clamps were repcsitioned to maintain positive clamping during
bonding. A sketch of the final tooling concept is provided in Figure 12.
A detailed explanation of the CSDB process has previously been described
in the Section 2.2, "Process Description" together with an illustration
of the CSDB spar concept, Figure 2.
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4.0 PROCESS PARAMETERS

A parameter variation study was performed in order to prove basic

bonding tool concepts, determine process controls, and obtain para-

meters for bonding full-scale pre-forms. Initially, the study vas
performed on flat sheet stock and later on three foot lengths of actual
spar pre-form segments. The bonding variables and material condition
selected for investigation were: small variations in the standard bond-
ing conditions of speed, current, and force (head pressure) which were
used successfully in previous work; differences in thickness of the
material; nonparallel edge fitup of the material thickness dimension;

edge roundness of the meterial; and gap, distance between surfaces to be
bonded. Results of the study on the flat sheet stock indicated that good
Joint quality is produced with & wide range of standard conditions of
current, speed, and force; however, difference in material thickness, non-
parallel edge fitup, rounded corners, and gaps do not produce good quality
Jjoints even under optimum bonding parameters and must be carefully con-
trolled.

Using nominal standard conditions of current, speed, and force with what
was considered to be optimum conditions of material thickness, fitup,
square corners, and no gap, four, 139-inch pre-forms were initially
bonded. Although various minor changes in tooling and pre-form tolerances
were sequentially made after each bonding operation, only limited success
was achieved. After further investigation, it was determined that in-
sufficient transfer of heat from the wheel electrode through the steel
thermal strip to the pre-form was the major cause of the limited success.
Therefore, an additional study was conducted on four, three-foot length
of pre-form segments using tantalum thermal strips in place of steel
thermal strips used in all of the previous work. The tantalum material
permitted more efficient heat transfer from the wheel electrode to the
area to be joined. This more efficient transfer of heat subsequently
produces greater forging action which improved the quality of the bond to
a satisfactory level. Arrangements were finalized to bond full-scale
139-inch pre-forms.
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4.1 CSDB Facility Preparation

Prebonding preparation was performed on the CSDB machine, bonding wheel,
bonding fixture and consumable details prior to loading and bonding of
tke test panels. The CSDB machine was functionslly inspected to insure
proper performence and response. The bonding wheel was checked for
alignment with the machine table, establishing that the wheel face was
parallel with the table and that the plane of the wheel (side) was at
right angle to the table. The right angle of the wheel to the table was
visually checked with a tool maker square when the wheel is loaded at
the pre-established bonding pressure. The location of the bonding
fixture is established with reference to the bonding table and the
bonding wheel. The centerline of the bonding fixture and/or component
to be joined was positioned to the centerline of the thickness or width
of the wheel. This was accomplished visually with the aid of a pointer
attached to the bonding wheel while the fixture is traversed from start
to finish with the wheel in the up position. Initially, the bonding
fixture is completely disassembled and vapor degreased. Only a dry
lubricant, such as spray graphite is used when reassembling the fixture.
Prior to each bonding operation, the fixture is wiped with methyl ethyl
ketone, MEK, dried by a clean eair blast and recoated with spray graphite.
The consumable items, metallic thermal barrier, back-up bars, and thermal
strips are cut to length, vapor degreased, and graphite coated; the
nolybdenum and titanium foils are cut to length and hand wiped with MEK
in preparation for loading into the CSDB facility with pre-form to be
bonded.

4.2 Flat Panel Fabrication

Test panels of annealed titanium alloy 6-Aluminum, 4-Vanadium, Ti-6A1-LV
conforming to MIL-T-9046, Type III, Composite "C" with fine grain alpha-
beta microstructure, 4 inches wide by 36 inches long by 0.1L45 inch thick
were Joined by CSDB incorporating several process parameter conditionms.
The process parameter conditions used were: standard parameters, differ-
ence in material thickness, nonparellel edge fitup, edge roundness, gap
variations, and variations in bonding speed, current, and head force.

The incorporated conditions are listed in Table I. Material preparation
for CSDB requires machining of the edges to be jJoined and cleaning.
Machining was accomplished as a standard milling operation, creating
square, straight edges for the butt joint. Cleaning was performed Just
prior to bonding in order to insure mating surfaces chemically free from
contamination. The panels were solvent washed with MEK to remove mill
marks and other forms of ink or dye depeosits. Immersed in hot, 160-180°F
alkaline degreaser for five minutes to eliminate any grease or oil.
Subjected to nitric-hydrofluoric acid solution 70-1L0°F for ten to
fifteen seconds to loosen oxide and scale. Dipped in nitric acid solu-
tion, ambient temperature, to remove smut and other oxide reside,
followed by a final air-water blasting. Details of the cleaning pro-
cedure are provided in Section 10.2, Appendix B.
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Joining of the 4 inch wide by 36 inch long by 0.145 inch thick test

panels into 8 inch wide by 36 inch long by 0.145 inch thick joined

panels was accomplished by loading two L inch wide test panels into the
tooling fixture, placing the fixture onto the CSDB machine, and pro-
ceeding with the diffusion bond cycle. A sketch of the flat panel tool-
ing fixture is provided in Figure 13. This is the same tooling fixture
used previously in Reference (b) with modifications. A view of the flat
panel bonding operation is provided in Figure 1li. After diffusion
bonding, all 8 inch wide by 36 inch long by C.145 inch thick joined panels
were given a post-bond stress relief of 1350°F 1_25°F, at temperature for
one hour, in a vacuum:furnace. The molybdenum foil which is used ‘as a
parting agent and depicted in Figure 13, was removed by a hot nitric acid
3 dip prior to any testing.

TABLE I
PROCESS CONTROL CONDITIONS
EVALUATED USING FLAT PANELS
HEAD
CURRENT SPEED FORCE FITUP
CORBLE TONG (amps) (in/min) (1bs) VARIABLES
I Standard Perameters 10,500 3.75 2,600 None
EE Difference in 11,100 3.75 2,600 Thickness
Meterial Thickness increase by
.005"~.010"
=
IEI Nonparallel Edge 11,100 3.75 2,600 .005" V-notch
Fitup top side
Iv Edge Roundness 10,500 3.75 2,600 .010" radius
or corner
\' Gap Variable 10,500 3.75 2,600 .001" & .002"
space between
surfaces to be
bonded
VI Vary Bonding Speed 10,400 3.18 2,600 None
10,100 L.30 2,600 None
VII Vary Current 10,800 3.75 2,600 None
11,400 3.75 2,600 None
VIII Vary Head Force 11,100 3.75 2,800 None
L1
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FIGURE 1k.

FLAT PANEL BONDING OPERATION.
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4.3 Flat Panel Testing

Bond quality was determined by means of test specimens from each panel.
Physical bend test, mechanical fatigue and tensile properties, and metal-
lurgical examination were performed. In the bend test, a 1-3/4 inch dia-
meter bar subjected the specimen to bend radius of 5.52 times the coupon
thickness. Specimens were one inch wide and testing was performed with
the surface nearest the bonding wheel contacting the 1-3/4 diameter bar.
This method results in the maximum outer fiber tensile strain occurring
on the joint surface farthest from the external bonding wheel electrode.
A sketch of the bend test fixture is shown in Figure 15. This fixture
was utilized in the previous Reference (b) program, and was also used in
bend tests of specimens from the CSDB spar tube. Tensile tests were per-
formed using an Instron testing machine. Ultimate tensile strength, 0.2%
offset yield strength, and elongation were determined. The specimen
configuration shown in Figure 16 conforms to ASTM E8 test method. A
portion of the 0.005 inch thick titanium foil on both sides of the joint
was removed during fabrication of the specimen. Fatigue test specimens
were fabricated with a reduced cross section to induce failure at the
joint. Specimen configuration is depicted in Figure 17. The specimens
were rigidly mounted in & support block as a simple centilever beam and
vibrated at their resonant frequency by means of a Calidyne 1500 pound
force electrodynamic shaker system. The specimens were deflected to a
strain level of 0.5% peak-to-peak. The level of strain corresponds to
0.100 inch. Specimen tip deflection was measured and controlled through-
out the test. This strain and deflection was chosen to produce failure
in 104 to 107 cycles. Metallographic examination of all the bonds were
conducted. Specimens were prepared using one etch-polish technique. A
standard etch of two minutes Kroll's etchant, 2% HF, 3% HNO3, 95% Ho0,
plus four seconds 10% HF, 40% HNO3, 50% Hp0 has been used throughout this
program. Figure 18 depicts a microstructure of a good quality bond.
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BONDLINE

FIGURE 18. MICROSTRUCTURE OF A GOOD QUALITY CSDB JOINT. 200X
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4.4 Flat Panel Test Results

The results of the mechanical property teating are provided in Table II,
Thirteen panels were evaluated which reflect differences in bonding
parameters and geometric variables of the Joint. The panels are listed
in the table in a general arbitrary order of decreasing Joint quality.
Panels 1 to 6 are classified to have general acceptable joint quality,
panels T to 9 are considered marginal, and panels 10 to 13 are regarded
unacceptable. The panels classified as having generally acceptable
Joints withstood the 5T bend tests without failure, exhibited reasonable
ductility in tension, and exhibited no evidence of flat fracture in
fatigue. The panels considered to have marginal joint quality withstood
the 5T bend testing without failure, but manifested regions of flat
fracture in tensile tests. The panels regarded as unacceptable generally
did not withstand the 5T bend tests and showed the lowest ductility in
tension tests.

Good Joint quality is produced with a wide range of standard conditions

of current, speed, and force, head pressure. However, nonparallel edge

fitup, rounded corners, and gaps do not produce good quality Joints even
under optimum bonding conditions.

4.5 Pre-form Fabrication

Two triple width sheets, 54 inches wide by 316 inches long by 0.145
inch thick, of creep flattened and surface ground annealed Ti-6A1-LV
sheet stock conforming to MIL-T-9046, Type III, composition "C" with
fine grain alpha-beta microstructure were purchased for this progrem.
The triple width sheets were slit into single widths, 16.36L4 inches by
139 inches long. The edges or side surfaces of the single width sheet
were machined perpendicular to the flat, ground thickness surface as
described previously in Section 3.1 and in conformance to the final
specification requirements of Appendix A.

As reported previously, the brake forming operation was accomplished on
a 1000 ton hydraulic brake press, Figure 5. Brake forming process con-
trols were established by undertaking a risk reduction effort using
aluminum sheet material and applying the technology to the fabrication
of titanium pre-forms. The risk reduction effort included brake forming
sections of 7075 aluminum alloy in the T-6 condition for preliminary
evaluation. The risk reduction effort was undertaken with a high degree
of confidence because TOT5-T6 aluminum sheet material has the same
general spring-back characteristics as the titanium 6A1-4V alloy. Other
contributing factors leading to the use of TO75-T6 aluminum sheet as a
risk reduction effort was the significantly lower cost of the aluminum
sheet as compared to titanium 6A1-LV sheet and the ready availability
of the aluminum sheet.

L8
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EFFECT OF VARIOUS BONDﬂ

FLAT PANEL NUMBERS VI T 11 V11
SAMPLE NUMBERS 1 2 3 b 5 6
Bonding Parameters
Current ,Amps 10,400 { 10,100 | 10,500 11,100 10,767 11,4
Speed, In./Min 3.18 4.3 3.75 3.75 3.75 3.
Force, Lbs (Head) 2600 2600 2600 2600 2600 zj
Fit-up Variables Std std Std | Offset with Std
0.005-0.010 In.
Shim
ST Bend Tests - Top Down g®. 5T | s, ST |57, 5% 5T, ST 5T 1
504 5T
Tensile Tests
0.2% Yield, Ksi 133.5 13T .3 | 133.6 | 1356.0 137.2 § 135.2 136
Ultimate Tensile Strength, Ksi | 146.0 1k7.5 | 148.6 | 149.8 150.8 | 150.8 150
1% Elongation 1k.9 13.4 12.4 11.4 10.9 6.5 6.
Location of Failure HAZ HAZ HAZ 37 HAZ PM ‘¥
Resonant Fatigue Tests 1
Cycles to Failure at E‘xJ.OS 1.2x10 7.lx10ll 1.2x106 1.6x10S lxlo5 l.hxlé
0.100 In. Deflection ¢
Location of Failure ?g JZ JZ JZ JZ Jz j

¥ 0.001 In. Deflection

5T - Withstood 5T bend test without failure.

PM - Failure occurred in parent metal away from joint and heat affected zone.

HAZ - Parent metal type failure in heat affected zone, i.e., grain pullout on

both sides plus ductility.

JZ - Parent metal type failure at Joint region, i.e., grain pullout on both
sides of Joint plus ductility.

FF - Failure occurred at original bond line with no grain pullout and limited
or no ductility (flat fracture).

FE - Failure initiated on edge of reinforcement foil.
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TABLE II
IG CONDITIONS ON MECHANICAL PROPERTIES

VIII v v v 111
T o8 9 10 11 12 13
433 11,106 10,500 10,500 10,500 10,500 11,100{ 11,100
.15 3.75 3.75 3.75 3.7T5 3.75 3.75 3.75
600 2800 2600 2600 2600 2600 2600 2600
Btd std Insert with Insert with Round Corner Insert with 0.005" | 0.005 In.
0.001 In. 0.002 In. 0.010 In. 0.003 In. Notch | Notch
Ti Foil Ti Foil Radius Ti Foil Top Sidq Bottom
T T Side
5 5 5T 5T Jz ST, ST, FF FF, ST FF,5T
6.3 | 138.3] 136.7 135.01 136.0 130.0 |134.6 134.6| 135.8 134.4 4 137.3 138.5 139.9
D.6 | 148.6] 150.1 147.9] 148.1 146.€ |1k9.8 147.8| 146.5 150.8 | 149.2 150.7 1k9.9
5.5 9.5 5.5 6.8 4.5 6.8 7.5 7.5 5.0 11.4] 10 L.2 2.7
PM Jz| 80%J2 PM| 50%2J2 70%32 | 70%32 37 JZ HAZ HAZ HAZ | 90%J2
20%FF FE | SO%FF 30%FF | 30%FF 10%FF
LOs 2x106 2.4x10° 'G.Th 6.9 x 1.2x107 1.9x10h 1.3 x 2.5x10h G.Z x h.g x | b.4x10° 3-5X105
x 10 10 10 10 10
Jz JZ JZ JZ i JZ | JZ JZ J2 JZ JZ JZ JZ
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EFFECT OF VARIOUS BONDING |

FLAT PANEL NUMBERS VI 1 11 VII
SAMPLE NUMBERS 1 2 3 L 5
Bonding Parameters _
Current ,Amps 10,400 | 10,100 | 10,500 11,100 10,767 | 11,433
Speed, In./Min 3.18 4.3 375 3.15 3. 75 3.75
Force, Lbs (Head) 2600 2600 2600 2600 2600 2600
Fit-up Variables Std Std Std | offset with Std std
0.005-0.010 In.
Shim ‘
ST Bend Tests - Top Down sT, 57 | 5T, ST |5T, ST 5T, ST 5T 5T
5T, 5T
Tensile Tests
0.2% Yield, Ksi 133.5 137.3 | 133.6 | 136.0 137.2 | 135.2 136.3}
Ultimate Tensile Strength, Ksi | 146.0 147.5 | 148.6 | 149.8 150.8 | 150.8 150.6 |
1% Elongation 1ik.9 13.4 12.4 11.4 10.9 6.5 6.5
Location of Failure HAZ HAZ HAZ JZ HAZ PM PM
Resonant Fatigue Tests
Cycles to Failure at 2x1.05 l.2x105 T.lxlOh 1.2x106 l.6x105 1x105 1.hx105
0.100 In. Deflection
Location of Failure ;g Jz JZ JZ JZ JZ JZ

*  0.001 In. Deflection

ST - Withstood ST bend test without failure.

PM - Failure occurred in parent metal away from joint and heat affected zone.

HAZ - Parent metal type failure in heat affected zone, i.e., grain pullout on

both sides plus ductility.

JZ - Parent metal type failure at joint region, i.e., grain pullout on both
sides of Jjoint plus ductility.

FF - Failure occurred at original bond line with no grain pullout and limited
or no ductility (flat fracture).

FE -~ Failure initiated on edge of reinforcement foil.
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II

NDITIONS ON MECHANICAL PROPERTIES

VIII v IV v III
T 8 9 10 11 12 13
3 11,106 10,500 10,500 10,500 10,500 11,100 11,100
3 3.79 3.75 3.75 3.75 3.75 3.75 3.75
D 2800 2600 2600 2600 2600 2600 2600
1 Std Insert with Insert with Round Corner Insert with 0.005" | 0.005 In.
0.001 In. 0.002 In. 0.010 In. 0.003 In. Notch | Notch
Ti Foil Ti Foil Radius Ti Foil Top Sidgq Bottom
5T 57 5T Jz 5T, ST, FF FF, 5T i;f;T
3 | 138.3] 136.7 | 135.0] 136.0 | 130.0 |13k.6 |134.6] 135.8 134.4| 137.3 | 138.5 | 139.9
k 148.6] 150.1 147.9] 1Lk8.1 146.€ |149.8 1L47.8| 146.5 150.8] 1k49.2 450k 149.9
] 9.5 55 6.8 .5 6.¢ 7.5 7.5 5.0 11,51 10 L.2 2.7
y Jz| 80%Jz PM| 50%JZ | 70%JZ |T70%JZ 92 Jz HAZ | HAZ HAZ | 90%JZ
: 20%FF FE | 50%FF | 30%FF |30%FF 10%FF
| 2x10° |2, 1x10° *6.7, | 6.9 x | 1.2x10 1.9x10" |1.3 x| 2.5x10 6.7 x| b3 x k.kx10° B.5x10°
x 100 |10 10 10 10
! Jz Jz JZ Jz 02 J2 Jz JZ Jz JZ Jz Jz
!
\




Initially two-foot long segments of 7075-T6 aluminum alloy were used to
establish a technique for brake forming the sheet material to the desired
configuration. After successful completion of this task, the brake form-
ing technique was applied to four foot long aluminum segments. Upon suc-
cessful completion of the effort on the aluminum sheet material, the es-
tablished technique was applied to brake forming relatively small sections
of Ti-6A1-LV sheet material before brake forming the one, six foot Ti-6Al-
L4V pre-form which was used for the creep forming evaluation, Reference
Section 3.2, and two 139 inch pre-forms, S/N 1 and S/N 2 which were used
in the initial CSDB attempts. Modifications to the brake forming tech-
nique were incorporated in pre-forms S/N 3 through S/N 8 to meke them
symmetrical, Reference Section 3.3. The modifications to the technique
involved brake forming the one inch flat width of the free edges of the
pre-form to a greater angle and forming the titanium sheet material in
such & manner that the free edges of the pre-form were relatively equally
distant from the centerline normal to the flat on the base of the pre-
form. The results of this modification was depicted in the pre-form
configuration in both the unclamped and clamped condition, Reference
Figure 4. The greater angle produced the initial brake forming of the
one inch flat width of the free edges and the technique used to obtain a
symmetrical pre-form configurations results in the internal height of the
pre-form being reduced. Dimensional check of the internal height of the
pre-form in the clamped condition disclosed them to be slightly under the
dimension established for the pre-forms previously febricated, pre-forms
S/N 1 and S/N 2.

After breke forming, each of the pre-forms was chemically cleaned in
nitric~-hydrofluoric acid using the general cleaning procedure described

in Appendix B. Upon completion of the cleaning operation, the vinyl
channeling material was replaced along each 139 inch edge of each pre-
form in order to protect the square, sharp, machined edges, as described
previously in Section 3.1. Figure 19 illustrates the basic stages of the
breke forming sequence and depicts the vinyl material along the free edges
of the pre-form. The detailed brake forming operation is described in the
actual Operation Sheets, Section 10.3, Appendix C. The cleaned pre-forms
with the vinyl protective strips installed were wrapped in aluminum backed
paper, packaged in wooden crates, and shipped to the subcontractor for
bonding. A total of eight pre-forms were shipped to Solar for bonding.

The CSDB process was performed by Solar using the same prebonding prepea-
ration employed for the flat panels as described in Section L.1l. As
stated previously, final modification to both the pre-form configuration
and the bonding tool was not accomplished until after actual hardware had
been fabricated and trial bonding attempts have been performed. The first
five pre-forms, S/N 1 through 5 were involved in modification and trade-
off between the pre-form shape and tooling design. The remaining three
pre-forms, S/N through 8 were diffusion bonded in accordance with the
techniques and procedures established from the trade-off. A detail
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FIGURE 19. BASIC STAGES OF BRAKE FORMING SEQUENCE FOR
ELLIPTICAL CONFIGURATION.
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description of the events and circumstances inyolying each of the pre-
form, S/N 1 through 5 and how these conditions and situations influenced
the modification and trade-off is provided in the following subsectionms,
L.5.1 to L.5.5. Prior to bonding, each of the pre-forms was cleaned in
nitric-hydrofluoric acid for at least two minutes and rinsed in clean
water.

4.5.1 Pre-form - Tube Spar S/N 1

Prior to brake forming, the edges along the longitudinal length of the
first titanium sheet stock material machined for this program were
noted to have been unintentionally deburred. It should be recalled that
square, sharp, knife edges are required for good quality diffusion bonds.
Remachining of the edges to within specification minimum width require-
ments of 16.354 inches was unsuccessful in completely removing the
chamfer produced by the deburring. The full size, 139 inch long by
16.364 + .010 inches wide by .1k5 + .005 inches thick titanium sheet
material was brake formed to the initial pre-form elliptical shape in
order to demonstrate that the brake forming procedure established on the
aluminum material could be successfully accomplished on titanium sheet
in the full size length. Upon successfully cold brake forming, the
titanium sheet material pre-form was shipped to Solar for use to proof
test the bonding tool fixture, and to establish loading and clamping
techniques. Once the tooling was considered adequate, and the loading
and clamping technique were regarded satisfactory (later it was determined
that both the tooling, and loading and clamping techniques were not ade-
quate) bonding of the pre-form was performed to demonstrate that bonding
could be accomplished on the tooling fixture. Bend tests and other
evaluations relating to the quality of the bonded joint were not con-
ducted on this pre-form because the quality of the bond was known to
be questionable due to the rounded edges of the pre-form as cited pre-
viously. It was later detected that the internal mandrel had been
tilted during the bonding operation of this pre-form. Details of the
Eilting condition of the internal mandrel will be described in subsection
“e s

4.5.2 Pre-form - Tube Spar S/N 2

The machined edges of the titanium sheet material for the second and
subsequent pre-forms were not deburred and were acceptable for CSDB.

The second titanium sheet was cold brake form into the initiel elliptical
shape, pre-form S/N 2 and forwerded to Solar for CSDB. Loading pre-form s/N
2 into the bonding tool fixture or module presented difficulty as re~
lated to seating the free edges of the pre-form onto the internal mandrel
and the excessive side force required to close the pre-form. The free
edges of the pre-form is defined as the ome inch horizontal flat area

that contacts the wheel electrode on the external surfaces and the

mandrel electrode on the internal surface. Pre-form §/N 2 was loaded into
the tooling fixture as well as could be achieved and bonding was attempted.
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The fitup condition of the pre-form in the tooling module was con-
sidered to be adequate at the time of bonding Upon remoyal of the
pre-~form tube from the tooling fixture after being subjected to the
CSDB process, the joint at one end of the pre-~form ruptured, zippered
open for approximately one third of its longitudinal length, approx-
imately three feet. Subsequent examination revealed that the Joint
interfaces exhibited evidence of machining marks. These machining
marks indicate that the butted interface or edges were not in intimste
contact during the diffusion bond process or that no diffusion action
took place. Macro-examination of the cross sectional segment, removed
from the midsection of the pre-form, illustrates that the butted edges
were actually in intimate contact, but were not joined by diffusion
bonding, Reference Figures 20 and 21. Macro-examination also disclosed
the heat affected zone, produced by the diffusion process, was not

what is typically experienced with adequate diffusion bonded Joints
especially as observed on the internal area. The pattern of the heat
effected zone was not symmetrical and the joint location was not in the
center of the heat effected zone. Patterns of the heat effected zone
from the subject pre~form and from an adequately diffusion bonded joint
are depicted in Figures 20 and 22. The joint location on the internal
area of the pre-form was observed to be 1/8 inch from the heat effected
zone at one end and 1/2 inch from the heat effected zone at the other
end, Reference Figure 20. Micro-examination clearly depicts the lack
of diffusion at the Joint interface, Reference Figure 23. Visual
examination of the internal area of the pre-form revealed that the
mandrel had not made complete contact with the pre-form across the

one inch flat region. Only 5/8 inch contact area was observed on the
internal area of the pre-form. The contact area was directly related
to the size and shape of the heat effected zone discussed previously in
the macro-examination and illustrated in Figure 20. The lack of in-
ternal contact surface strongly indicated that the mandrel had been
tilted during the bonding operation and was directly related to the
cause of the poor bond quality. It was at this point in time that pre-
form tube S/N 1 was checked and found to exhibit the same condition as
related to the tilting of the internal mandrel.

Modifications to the mandrel were incorporated at this time in order
to eliminate recurrence of this situation. The modifications included
included increasing the radius at the top corners of the mandrel in an
effort to prevent any hang-up of the free edges of the pre-form and to
install additional and larger centering devices along the longitudinal
length of the mandrel to prevent tilting of the mandrel.

In addition to the tilted mandrel condition, another situation existed
that significantly contributed to the lack of bonding of pre-form S/N 2.
The loading and clamping technique employed during assembly of the pre-
form into the bonding tool fixture is critical and requires some skill.
The side and top clamping pressure must be applied gradually and
alternately in order that the interface or butted edges to be joined
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HEAT EFFECTED ZONE, EXTERNAL

HEAT EFFECTED ZONE, INTERNAL

FIGURE 20. PHOTOMACROGRAPH OF CROSS SECTION OF
PRE-FORM. S/N 2, MAG. 3X.

NOTE: UNSYMMETRICAL PATTERN OF HEAT EFFECTED ZONE &
LOCATION OF JOINT INTERFACE AS RELATED TO HEAT
EFFECTED ZONE.

HEAT EFFECTED ZONE

FIGURE 22. PHOTOMACROGRAPH OF CROSS SECTION
OF A TYPICAL CSDB JOINT. MAG. 3X

NOTE: HEAT EFFECTED ZONE PATTERN AND LOCATION OF JOINT.

FIGURE 21. PHOTOMACROGRAPH OF Cl
JOINT AREA. MAG. 10

NOTE: ARROW DENOTES BUTTED EDGES
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FIGURE 23. PHOTOMICROGRAPH OF CROSS SECTION OF PRE-FORM S/N 2
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MAG. 50X.




are in intimate contact, with no edge gapping, and aligned along the
longitudinal dimension of the pre-form. Proficiency in the loading
and clamping technique is contingent upon experience rather than ana-
lytical interpretation.

A second contributing factor in the lack of bonding of pre-form S/N 2
was the nonsymmetrical configuration of the pre-form about its vertical
center and to the parallelism of the top and bottom flat surfaces. The
centerline at the base of the pre-form did not coincide with the bondline
or projected bondline at the top of the pre-form and consequently more
pressure was applied to one side of the bonding tool fixture. The
additional pressure was required in order to close the pre-form to the
proper center position for bonding inside the bonding tool module. This
side pressure contributed to the tilting of the mandrel. Since the
internal mandrel was tilted, the joint over the flat area could not be
brought down parallel with the bottom and seated firmly against the
mandrel.

Modifications to the pre-form were incorporated at this time in order to
provide a more satisfactory pre-form. These modifications included a
tighter or smaller bend radius at the upper quadrant of the pre-form,
brake forming the sheet material to produce a relatively symmetrical
pre-form, i.e., the centerline at the base of the pre-form will coin-
cide with the bondline or projected bondline at the top of the pre-form
and minimizing or reducing the gap of the pre-form between the edges to
be bonded in the unclamped condition. The tighter or smaller bend radius
will produce relatively parallel top and bottom flats when the pre-form
is clamped with only side pressure. This parallel condition will require
little force to seat the free edges or top flats onto the internal man-
drel using the top hold down clamps. A symmetrical pre-form will require
generally equal side pressure to close the pre-form, therefore reducing
the chances of tilting the mandrel. Minimizing or reducing the gap of
the unclamped pre-form will also reduce the side pressure required to
close the pre-form to the desired clamped position. All three of these
modifications will assist in the assembly of the pre-form in the bonding
tool fixture and will contribute to producing a better end product.

4.5.3 Pre-form - Tube Spar S/N 3

Pre-form S/N 3 and subsequent, S/N 4, S/N 5, S/N 6, S/N T, and S/N 8,
were brake formed symmetrically in accordance with the procedure des-
cribed in the Operation Sheets, Appendix C. Because of the technique
required to obtain a symmetrical pre-form with parallel top and bottom
surfaces, the internal height dimension of the pre-form S/N 3 in the
clamped condition was reduced by approximately 1/2 inch from the original
internal height dimension used on pre-forms S/N 1 and S/N 2. This reduc-
tion in internal height dimension of the pre-form necessitated rework of
the mandrel by reducing its overall height. Reduction in the overall
height dimension of the mandrel was accomplished by machining 1/2 inch
of material along the longitudinal length of the mandrel.
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Upon logading the pre~form into the tooling fixture, fitup problems
existed again making bonding & very high risk venture. The tooling

vas not capable of clamping the free edges of the pre~form firmly

onto the top of the internal mandrel. Several attempts to seat the
free edges along the longitudinal length of the pre~form resulted in

a gap of approximately .00T inch between the internal surface of the
pre-form along one free longitudinal edge and the top of the mandrel.
In an effort to improve the fitup condition and subsequently the odds
for a successful bonded pre-form, the one free longitudinal edge of the
pre-form was bent along its longitudinal length. Bending of the edge
was accomplished by removing the internal mandrel and using the force
from the wheel electrode of the CSDB machine, plastically deforming the
edge of the pre-form. After bending of the one free longitudinal edge,
the fitup condition was improved and bonding was attempted. In addition
to deforming the edges, the pre-form was turned end-to-end position in
the tooling fixture for bonding.

After the bonding attempt, the pre-form was removed from the tooling

§ fixture. Visual inspection of the pre-form tube showed that it did

{ not rupture or zipper open as the previous pre-form tube, S/N 2.

E However, a four-to-five-inch length separation emanated from V-notch

f at one end of the pre-form tube as shown in Figure 24. A full one inch i
ﬁ contact area was observed on the titanium foil on both the internal and i
E external areas of the pre-form tube indicating that the internal mandrel f
f had not tilted. The full one inch contact area can also be observed in

Figure 24. Subsequent bend tests from each end of the pre-form tube

resulted in fracturing of the specimens through the bonded Joint.

Machining marks were observed on the fracture interfaces indicating

lack or loss of side pressure as shown in Figure 25. Macro- and micro-

examinations confirm the results of the bend test depicting little or '
no diffusion in the bond Joint with an unsymmetrical pattern of the

heat effected zone, similar to the conditions observed for pre-form

tube S/N 2, Reference Figures 26 and 27.

An analytical analysis on the contact angle of the upper clamp and the
pre-form was performed. The data obtained from this analysis disclosed
that the coefficient of friction between the steel and titanium at the
angle where the upper clamp contacted pre-form #3 was not sufficient

to prevent slip of the pre-form when it was heated and expanded. It
was further determined that relocating the contact points of the upper
clamp 1/2 inch in the downward direction, toward the horizontal center-
line of the pre-form, would prevent slippage of the pre-form on heat up.
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FIGURE 24. PRE-FORM S/N 3 WITH SEPARATION EMANATING FROM ONE END.

MACHINE MARKS
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FIGURE 25. FRACTURE SURFACE THROUGH BOND JOINT OF BEND TEST !
SPECIMEN PRE-FORM S/N 3. |

59 %




s /'AT EFFECTED ZONE x t
EXTERNAL)|

) JOINT INTERFACE i

JOINT AREA

|

! |
PG [\ EFFECTED ZONE guu =
|. INTERNAL ‘

FIGURE 26. PHOTOMACROGRAPH OF CROSS SECTION OF PRE-FORM S/N 3
AT BOND AREA. NOTE UNSYMMETRICAL PATTERN SIMILAR
TO PRE-FORM #2, FIGURE 20. MAG 2X.
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FIGURE 27. PHOTOMACROGRAPH OF CROSS SECTION OF PRE-FORM S/N 3
JOINT AREA. NOTE BUTTED EDGES IN INTIMATE CONTACT
RATHER THAN JOINED BY DIFFUSION BONDING. MAG. 10X.
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L.5.4 Pre-form - Tube Spar S/N k4

Relocation of the contact points of the upper side clamps to prevent
slippage was readily achieved on the existing tooling by adding a 1/2
inch diameter rod beneath and adjacent to the existing 3/L4 inch rod along
the longitudinal dimension of the tooling fixture as illustrated in Figure
28. This arrangement changed the contact angle of the upper side clemp
to a position on the pre-form where the coefficient of friction between
the steel side clamp and the titanium pre-form was significantly higher
to prevent slip when the pre-form was heated and expands. The initial
installation attempts to clamp and fit pre-form S/N L into the bonding
tool fixture were not satisfactory. Problems consisting of seating the
free edges of the pre-form firmly onto the internal mandrel while main-
taining the free edges horizontal to the base of the pre-form and main-
taining the surfaces to be joined in intimate contact still existed. The
problem condition is depicted in Figure 29. Adequate positioning of the
pre-form within the tooling fixture is achieved by alternately adjusting
the top and side clamps of the fixture in such a manner that the surfaces
of the pre-form to be bonded are placed in intimate contact and remain in
that condition while the external surface of the free edges are positioned
horizontally and are firmly seated onto the internal mandrel. After ob-
teining an apparent satisfactory clampup and fitup condition as depicted
on Figure 30, bonding of pre-form S/N L was attempted.

Upon completion of the bonding operation and during removel of the pre-
form tube from the tooling fixture, the pre-form tube ruptured, zippering
open along the jJoint area at the start end, for a distance of approximate-
ly four feet. Visual inspection disclosed no gross abnormalities that
could have caused or contributed to the poor bond condition. Examina-
tion of the cross section of a non-ruptured area disclosed a nonsymmetri-
cal heat effected zone which is indicative of poor bond quality and
incomplete heating during the bonding cycle, Reference Figure 31. The
insufficient heating during the bonding cycle "ms attributed to poor
fitup condition, i.e., the free edges of the pre-form were not seated
firmly onto the internal mandrel, resulting in lack of lateral forging
pressure. Adequate lateral forging pressure is obtained when the sur-
faces to be Joined are in intimate contact, contained, heated to ele-
vated temperature, and maintained in that situation for a significant
period of time. When the externsl wheel electrode force is applied to
the Joint area, the poor fitup condition produces a significant differ-
ence in the actual force and temperature between the external and in-
ternal surfaces of the pre-form at the joint area. A major portion of
the force from the wheel electrode is used to seat the internal surfaces
of the free edges onto the internal mandrel. The compression force on
the external and internal surfaces of the joint area are significantly
different and are directly related to limiting heat transfer from the
thermal strip to the pre~-form. The incomplete heating is illustrated

by the difference in grain size of the heat effected zone and the grain
size at the end of the foils, Reference Figures 32 and 33. Grain size
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increases with increase in temperature. On a completely or adequately
heated and bonded joint, the heat effected zone would extend symmetrically
to both ends of the foils on the external and internal surfaces. No de-
pressions, indentations, or forging flow, which would indicate more than
adequate pressure, were observed at the foil edges of pre-form S/N 4. In
order to correct the situation, the free edges of the pre-form must be
seated firmly onto the internal mandrel prior to bonding, or increase the
amount of heat absorbed by the pre-form. Seating the pre-form onto the
internal mandrel can be achieved by modifying the fixed height mandrel to
a variable height mandrel. Increasing the amount of heat to the pre-form
can be achieved by using a more conductive and/or higher melting point
thermal strip material, e.g., tantalum.

4,5.4.1 Pre-form - Tube Spar S/N LA

In an effort to determine the effects of rebonding and the use of tantalum
thermal strips, a seven foot non-ruptured segment of the pre-form tube

S/N 4 was loaded into the tooling fixture and rebonded. The segment of
pre-form was alternately assembled with tantalum and steel thermal strips
on both external and internal surfaces in an effort to evaluate all poss-
ible combinations of tantalum and steel. Results of the rebond operation
indicated that the use of tantalum thermal strips (tantalum thermal strips
on the external and internal surfaces) provides the most encouraging ap-
proach in obtaining a satisfactory bonded Joint. However, some additional
basic work would have to be accomplished before bonding of a full size,
139 inch pre-form could be ettempted. Additional parametric parameters
would have to be determined.

4.5.5 Pre-form - Tube Spar S/N 5

The full size 139 inch pre-form S/N 5 was loaded into the bonding tool
fixture without the internal mandrel being installed in order to determine
its internal height dimension in the clamped condition. This internal
height dimension determined the overall height requirement for the mandrel
and was used to establish shim thickness for modification to the fixed
height mandrel to a variable height mandrel. Results of this loading
effort disclosed that the internal height dimension of pre-form S/N 5 in
the clamped condition was 3.752 inches. This dimension is similar to the
3.750 inch internal height observed previously for pre-form S/N 4. Approx-
imately 0.002 inch shim material was required to be added to the mandrel
height to achieve an adequate internal height dimension. Pre-form S/N 5
was cut into four equal segments, each approximately 35 inches long. The
four segments were used to establish an optimum bonding cycle which was
incorporated to bond the full size pre-form S/N T and 8. The optimum
bonding cycle was established using tantalum material for thermal strips
on both the external and internal surfaces of the pre-form.

62




EXISTING 3/4" ROD

ADDITION OF 1/2" ROD

e v
‘ /’/// 7
7 -
| == <

FIGURE 28. SKETCH OF PRE-FORM IN TOOLING, DEPICTING RELOCATION OF
CONTEST POINTS BY THE ADDITION OF 1/2 INCH DIAMETER ROD. !
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FIGURE 29.

PRE-FORM INSTALLED IN TOOLING.
ARROW DEPICTS FREE EDGES OF PRE-FORM
NOT SEATED FIRMLY ON MANDREL.
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FIGURE 31.

CROSS SECTION OF PRE-FORM TUBE S/N 4
DEPICTING NONSYMMETRICAL HEAT
EFFECTED ZONE. MAG. 2X.
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4.5.5.1 Pre-form - Tube Spar S/N 5, Segment 1

The first 35 inch segment, with the internal mandrel installed, was
loaded into the bonding tool fixture. Some difficulty in obtaining

a satisfactory fitup condition of the first segment pre-form S/N 5

was encountered. The difficulty involved the same continuing problem
of seating the free edges of the segment pre~form onto the internal
mandrel. The situation was resolved by increasing the head pressure of
the mechine from approximately 2,600 1bs (70 lbs gage pressure) to
2,800 1bs (80 1bs gage pressure), and plastically deforming the free
edges of the segment in accordance with techniques established previous-
ly with pre-form S/N 3, Reference section L4.5.3. The head pressure of
the machine is defined as the amount of force that is applied to the
item to be bonded through the external wheel electrode.

The first segment of pre-form S/N 5, having tantalum thermal strips

on the exterior and interior surfaces, was exposed to a bonding cycle
with varying currents. The current input was 11,200 amps for the first
foot of the segment, 10,500 amps for the center foot, and 10,000 amps for
the final or remaining foot. A 1.1 inch wide flat face wheel electrode
was employed in place of the 3/4 inch wide wheel electrode used on the
previous pre-forms (S/N 1 through S/N 4) and the flat panel parametric
study. The reason for the use of the one inch wide wheel electrode was
related with a more uniform transfer of heat across and through the one
inch wide tantalum thermal strip. The increase in head pressure was
used during the bonding operation. The bonding speed was changed from
3.75 inch/min to 3.25 inch/min. Table III lists bonding parameters for
the four segments of pre-form S/N 5.

TABLE ITI

BONDING PARAMETERS FOR SEGMENTS QF PRE-FORM S/N 5

SEGMENT CURRENT (Amps.) SPEED FORCE
1st Foot 2nd Foot 3rd Foot (in/min) Head Gage
(1bs) (1vs)

1 11,200 10,500 10,000 3.25 2,800 80

2 10,500 10,500 10,500 3.25 2,800 80

3 10,500 11,000 11,400 3.25 2,800 80

N 10,500 11,000 11,400 3.25 2,600 70
67
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Upon completion of the bonding operation, the first segment was evalua-
ted by bend test and macro-examination. Results of both tests were
encouraging. Bend test specimens taken from each of the three areas
with varying current fractured away from the Joint area or bondline in
the heat effected zone. Macro-examination depicts satisfactory heat
effected zone, symmetrical in configuration on both exterior and in-
terior surfaces. From the results of this data, it was indicated that
a nominal 10,500 amps would be adequate for bonding. Figure 34 is an
overall view of the bonded segment after removal of bend test specimen
coupons.

FIGURE 34. PRE-FORM TUBE S/N 5 FIRST SEGMENT. TANTALUM THERMAL STRIPS
USED ON EXTERNAL AND INTERNAL SURFACES. WINDOWS IN TUBE
DENOTE AREAS WHERE BEND TEST SPECIMENS WERE TAKEN.
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4.5.5.2 Pre-form - Tube Spar S/N 5, Segment 2

The second segment of pre-form S/N 5 was bonded using a nominal 10,500
amp current. Bend test and macro-examinstion showed satisfactory results
similar to the results obtained from segment 1, From the data obtained
from the second segment, it was decided to evaluate the third segment
using a higher current input.

4.5.5.3 Pre-form - Tube Spar S/N 5, Segment 3

The third segment was cleaned for five minutes prior to bonding.

This additional cleaning or etching time was an attempt to insure clean,
noncontaminated surfaces for bonding. The third segment was bonded
using tantalum thermal strips at 10,500 amps for the first foot of the
segment (10,500 amps was used as a baseline position), 11,000 emps for
the center foot, and 11,400 emps for the final or remaining foot (11,400
amps is close to maximum cepability of the machine). Bend test and macro-
examination were excellent. Bend test specimens fractured away from the
Joint area or bondline in the heat effected zone. Subsequent efforts
which forced fracture at the bond joint, revealed fracture interfaces of
excellent quality. Macro-examination depicted excellent heat effected
zone, symmetrical in configuration on both exterior and interior surfaces.
Although excellent bonding and symmetrical heat effected zone were ob-
tained, an undesirable condition existed at the edge of the heat effected
zone. This undesirable condition manifested itself as nodules of flowed
metal resulting from excess forging action. The nodules of flowed metal
does not contribute to poor bond quality and in a trade-off of parametric
variables, it appears that this condition is controllable. Figure 35 is
a ‘eross section of each of the three current conditions used in segment

3 &pd depicts the excellent symmetrical heat effected zones and the
flowsd metal condition.

~

" NODULES OR FLOWED METAL AT THE EDGE
APPRoxmAi!Q LOCATION OF JOINT OF THE HEAT EFFECTED ZONE

\
\

10,500 AMPS

EXTENT OF HEA. EFFECTED ZONES

FIGURE 35. CROSS SECTIONS OF SEGMENT 3 OF PRE-FORM S/N 5 DEPICTING
EXCELLENT SYMMETRICAL HEAT EFFECTED ZONES AND FLOWED METAL
METAL CONDITION. MAG. 1.5X.
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4.5.5.4 Pre~form - Tube Spar S/N

The fourth and final 35 inch segment from pre-form S/N 5 was bonded
using the same parameters and cleaning procedures as employed on the
third segment except for the addition of & radius on the longitudinal
edges of the thermal strips and reducing the head pressure. The radius
wvas accomplished by sanding the edge of the faying surface into a
chamfer. The head pressure was reduced from 2,800 1lbs to 2,600 1bs.
The reworking of the tantalum and reduction in head pressure was an
attempt to minimize the metal flow condition experienced with the third
segment. Examination of the bonded tube indicated that the metal flow
condition still existed only to a slightly lesser degree. Subsequent
bend test and macro-examination were of the same excellent quality as
experienced previously with the third segment.
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5.0 FABRICATION AND EVALUATION OF CSDB TITANIUM SPAR TUBES

Following completion of the process variable study on flat sheet and based
on the results obtained from the four segments of pre-form S/N 5, para-
meters for bonding the remaining three pre-forms, S/N 6,7, and 8, were
selected and the pre-forms were successfully diffusion bonded. Figure 36
depicts the three successfully fabricated spar tubes. The selected para-
meters were a current input of 11,000 amps, a bonding speed of 3.25 inches
per minute, a gage head pressure of 80 1bs which is equivalent to a head
pressure of 2,800 lbs, and includes the use of tantalum thermal strips on
the external and internal surfaces, a 1.1 inch wide by 12 inch diameter,
flat face external wheel electrode, and an increase in cleaning time of
the pre-form prior to bonding. Evaluation of the diffusion bonded spar
tubes encompassed bend tests, and macro and micro-analysis. Results of
these evaluations indicate diffusion bonds of adequate quality. Subsequent
sanding and cleaning were performed on the spar tube prior to non-destruc-
tive inspection.

5.1 Pre-form - Tube Spar S/N 6

Actual bonding of pre-form S/N 6 was accomplished successfully using the
selected parameters and techniques cited in paragraph 5.0 Bend test
results were of the same excellent high quality as observed for the third
end fourth segments of pre-form tube S/N 5. Visual examination of pre-
form tube S/N 6 showed a bonded unit with good forging action at the joint
area and an overall satisfactory appearance, Reference Figure 37. The
metal flow condition can be observed in Figure 37 and is more dramatically
illustrated in a cross sectional view, Figure 38. The cross sectional view
also clearly depicts full contact across the internal area of the pre-form
Joint with the mandrel and a symmetrical heat effected zone extending be-
yond the width of the thermal strip. An abnormal linear condition was
observed along a six inch length on the external surface of the tube as
depicted in Figure 39. Evaluation of this linear condition indicated an
interaction of the hot metal flow titanium with the mild steel top hold
down plates resulting in an unaccepteble iron-titanium eutectic alloy.

An additional localized interaction condition was observed on the flat area
adjacent to the metal flow area and the bond joint as shown in Figure LO.
This localized interaction condition, approximately one half to three
quarters inches in area, was observed on the external flat section of the
spar tube. This localized interaction condition was different in appeearance
from the linear interaction condition cited previously. The localized
interaction condition was flat, exhibiting no pitting or nodules, and
manifested cracking within the area of the defect. The cracking appeared
to be the result of metal shrinkage induced by metaling and resolidifica-
tion of localized areas. The melting and resolidification strongly

suggest that the localized interaction condition also eminated from contact
of hot titanium with steel, possibly the external wheel electrode contact-
ing the titanium pre-form and or titanium foil at a defective weld Joint of
the tantalim thermal strip. Six, two foot lengths of tantalum strips are
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FIGURE 36. THREE, TEN FOOT SPAR TUBES SUCCESSFULLY FABRICATED.
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FIGURE 38.

FIGURE 37. VIEW OF PRE-FORM TUBE S/N 6.

SYMMETRICAL HEAT EFFECTED ZONE

CROSS SECTION OF PRE-FORM TUBE S/N 6 ILLUSTRATING FULL CONTACT
ACROSS INTERNAL JOINT AREA, METAL FLOW CONDITION, AND
SYMMETRICAL HEAT EFFECTED ZONE. MAG. 2X.
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FIGURE 39. LINEAR INTERACTION CONDITION ALONG SIX-INCH LENGTH
ON EXTERNAL SURFACE OF PRE-FORM TUBE S/N 6.

FIGURE 4O. LOCALIZED INTERACTION CONDITION ON FLAT AREA ADJACENT TO THE
METAL FLOW REGION ON EXTERNAL SURFACE OF PRE-FORM TUBE S/N 6.
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welded end to end in order to obtain a twelve foot tantalum thermal strip
used in the CSDB Process.

Initial bend testing was performed on pre-form tube S/N 6 in the as bonded
condition. Testing was performed by placing a one inch wide by five inch
long coupon on a V-block and using & 1 3/4 inch diameter bar to force the
coupon down into the V of the block and around the bar until it breaks or
bottoms in the V-block. The ratio of the radius of the bar to the thick-
ness of the material was 5.8:1 providing a 5.8T bend test. This 5.8T
bend test is considered a severe test. This method of testing anticipated
rupture of the coupon at the diffusion bond jJoint area. The coupon rup-
tured where expected, as depicted in Figure L41. Examination of the frac-
ture interface disclosed it to be granular in nature with no evidence of
flat fractures, Reference Figure 42. Flat fractures at the bond joint are
indicative of poor bond quality as illustrated in Figure 43. (Note,
Figure 43 is not from pre-form tube 6). In an effort to better define the
quality of the bonded joint, coupons were given a full anneal stress relief
at 1300°F for one hour and cooled in the furnace with the door opened to
500€F before being removed from the furance and air cooled to room temp-
erature. Subsequent bend test (same method as described previously) re-
sulted in fracture of the coupon at a stress riser, a change in section
due to the metal flow condition at the edge of the heat effected zone,
half inch from the bonded joint, Reference Figure Lk. The force to bend
and fracture the stress relieved coupon were at least 35% greater than used
to perform the same function on the as bonded coupons. Examination of the
fracture interface showed no additional sbnormalities other than the change
in section due to the metal flow condition that could have contributed to
the failure of the coupon. In order to minimize the effect of the change
in section due to the metal flow condition, the metal flow condition was
blended by grinding and the bend tests were sgain conducted. One coupon
was permanently deformed around the 1 3/4 inch diameter bar without
rupturing, Reference Figures 45 and 46, while the other coupon ruptured

in the change in section, similar to the previous failure mode, Figure Lk.
The force to permanently deform the coupon was 100% greater than the force
used to rupture the as bonded tube coupon.

Macro- and micro-examination of cross sectional areas of the as bonded pre-
form tube showed a symmetrical heat effected zone extending more than a
half inch on either side of the bond joint on both the external and in-
ternal surfaces. A comparison of pre-form tube S/N 6 with a cross section
of the D-spar described in Section T of this report indicates the same
general quality, Reference Figures 47 and 48. The forging action of pre-
form tube S/N 6 appears to be of an even higher quality level.
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FIGURE 41. BEND TEST COUPON FROM PRE-FORM TUBE S/N 6, FRACTURED
AT BOND JOINT AREA AS ANTICIPATED.

FIGURE 42. FRACTURE INTERFACE OF PRE-FORM TUBE S/N 6
AFTER BONDING CONDITION. MAG. 3X.

FIGURE 43. TYPICAL FLAT FRACTURE INTERFACE INDICATIVE
OF POOR BOND. (NOT FROM PRE-FORM S/N 6).
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RELIEF. ARROW DENOTES FRACTURE AT STRESS RISER,
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k FIGURE L4. BEND TEST COUPON FROM PRE-FORM S/N 6 AFTER STRESS
} CHANGE IN SECTION DUE TO METAL FLOW.

FIGURE 4S. PERMANENTLY DEFORMED COUPON FROM PRE-FORM S/N 6
COUPON HAS BEEN STRESS RELIEVED AND STRESS RISERS
BLENDED PRIOR TO 5.8T BEND TEST.

FIGURE 46. VIEW OF COUPON BEFORE BEND TEST.

7




F'W

— —r

g e
.-

;! Y oF

V. Rw “
ATy
) ‘*; .
B

FIGURE 47. CROSS SECTION OF BOND JOINT ARFA PRE-FORM TUBE S/N 6.
NOTE EXCELLENT FORGING ACTION AT BUTT JOINT AND Ti

FOIL JOINT.

FIGURE L8.

NO EVIDENCE OF VOIDS. MAG. 50X.
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After diffusion bonding and bend tests, the spar tube was cleaned with hot,
(160-180°F) alkaline solution to remove grease and grit, and immersed in
10% hot (140-160°F) nitric acid to desolve the molybdenum foil. Minor
sanding was performed adjacent to the flowed metal condition to blend and
remove the edges of the foil which are not completely bonded. Sanding

was initially performed in a circumferential direction using a flapper
wheel disc and subsequently finalized in the longitudinal direction with

a continuous belt type sander.

5.2 Pre-form - Tube Spar S/N T and 8

As a result of the encouraging data obtained from pre-form S/N 6, two
additional pre-forms, S/N T and 8 were bonded at Solar with Sikorsky and
Army participation. Prior to bonding, modifications to the bonding tool
fixture were incorporated. These modifications included machining clear-
ance angles on the edges of the internal mandrel to decrease the chances
of eny interaction of the titanium and steel, chamfering the edges of the
tantalum thermal strip to minimize the metal upset or flow condition, and
reworking the bonding fixture with side positioning rails to maintain top
plate dimension and alignment. Cleaning of pre-forms S/N T and 8 included
& double exposure to the nitric-hydrofluoric acid for ten and five minutes
as opposed to the two to three minutes used for all the previous pre-forms.
The fitup of both pre-forms, S/N 7 and 8, prior to bonding was considered
excellent. The parameters and techniques used for pre-form S/N 6 were
also used for bonding pre-forms S/N 7 and 8. Visual examination of the
spar tubes S/N 7 and 8 after diffusion bonding showed joined units. The
titanium foils were bonded the full width of the tantalum thermal strip,
both inside and outside along the entire length of the spar tubes. The
chamfered edges of the tantalum thermal strips produced slightly less
forging action than the previous spar tube, S/N 6. The heat pattern was
observed to be uniform and symmetrical along the entire length of the spar

tube. Evidence of localized interaction between the titanium pre-form
and external wheel electrode was detected at several locations on the
external surface of both spar tubes. This localized interaction was the
same condition observed on external surface of spar tube S/N 6 and dis-
cussed in subsection 5.1 and shown in Figure 4O. Bend test results dis-
close flat fracture areas on one of the two bend test coupons from each
of the two spar tubes. The other bend test coupon from each spar tube
displayed fracture interfaces granular in nature with no evidence of
flat fracturing. The coupons were removed from locations five to six in-
ches from the start and finish ends of the diffusion bonded spar tube as
shown in Figure 49. Figure 50 is a view of a typical bend test coupon
depicting separation at the diffusion bond joint. Figures 51, 52, 53,
and 54 are views of the fracture interface of each of the bend test
coupons showing the flat fracture area and granular type fracture sur-
face. The flat fracturing could have been influenced by the location on
the spar tube from which the test coupons were removed. Nine inches of
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material had been added to each end of the original pre-form length at
the beginning of the program concept to insure that & minimum of 10 feet
would be available for fabrication of the full-scale fatigue test speci-
men. The flat fracture condition was therefore attributed, at that time,
to the proximity to the end of the tube.

Macro-examination of the cross sectional area of both spar tubes showed a
general symmetrical heat effected zone extending more than a half inch on
either side of the bond joint on both external and internal surfaces. A
comparison of cross sections from spar tube S/N 7 and 8 with cross section
from spar tube S/N 6 indicates the same general quality, reference Figures
55, 56, and 38. Micro-examination of the cross sectional area of both
spar tubes indicate a bond of satisfactory quality for both spar tubes,
reference Figures 57 and 58. Comparison with cross sections from other
spar tubes indicate that the forging action on spar tubes S/N T is less
than the forging action on spar tube S/N 6, and S/N 8 but greater than

the forging action on the D-Spar reference Figures 47, 48, 57 and 58.

Prior to non-destructive inspection, spar tubes S/N T and 8 were alkaline
cleaned to remove grease and grit, acid etched to desolve the molybdenum
foil, and sanded to blend the edges of the titanium foil. The procedure
and method used in cleaning, etching, and sanding were the same as used
for spar tube S/N 6.

80




COUPON 7-1, 8-1 COUPON 7-3, 8-3

//  COUPON 7-2, 8-2 COUPON 7-k,

\

" 2 3/1*"L-—)1
l‘_" s \DIFFUSION L—N

1 7/8" BONDLINE 17/8
STA 0 STA 139
FINIS
START END SH
FIGURE L9,

SKETCH OF SPAR TUBES S/N 7 & 8 ILLUSTRATING
LOCATION OF BEND TEST COUPONS.

FIGURE 50. TYPICAL BEND TEST COUPON FROM SPAR TUBE S/N T & 8,
FRACTURE AT BOND JOINT AS ANTICIPATED.
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FIGURE 51. FRACTURE INTERFACE OF BEND TEST COUPON S/N T7-2.
(START END) NOTE FLAT FRACTURE AREA. MAG. 2X.

FLAT FRACTURE

FIGURE 52. FRACTURE INTERFACE OF BEND TEST COUPON S/N 7-3.
(FINISH END) NOTE FLAT FRACTURE AREA. MAG. 2X.

FLAT FRACTURE AREA i =

FIGURE 53. FRACTURE INTERFACE OF BEND TEST COUPON S/N 8-2.
(START END) NOTE FLAT FRACTURE AREA. MAG. 2X.

FIGURE S54. FRACTURE INTERFACE OF BEND TEST COUPON S/N 8-3.
(FINISH END) NOTE GRANULAR TYPE INTERFACE. MAG. 2X.
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BONDLINE

FIGURE 55. CROSS SECTION OF SPAR TUBE S/N 7-1 ILLUSTRATING
SYMMETRICAL HEAT EFFECTED ZONE. (START END) MAG. 3X.

FIGURE?
BONDLINE
——
FIGURE 56. CROSS SECTION OF SPAR TUBE S/N 8-1 ILLUSTRATING FIGURE

SYMMETRICAL HEAT EFFECTED ZONE. (START END) MAG. 3X.
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RE 57. CROSS SECTION OF BOND JOINT AREA SPAR TUBE S/N 7-1.
| (START END) MAG. 50X.

58, CROSS SECTION OF BOND JOINT AREA SPAR TUBE S/N 8-1
(START END) MAG. 50X.

%\

T T e

R——



6.0 NON-DESTRUCTIVE INSPECTION OF TITANIUM SPAR TUBES

Visual, borescope, fluorescent penetrant, radiographic, and ultrasonic
inspection of spar tubes S/N 6, 7 and 8 were conducted. No evidence of
voids, nonbonding, or lack of diffusion were detected in the bond joint.
However, in certain areas along the external and internal surfaces cf
the pre-form, manufacturing defects were observed. These defects con-
sisted of linear abnormalities along the flowed metal area, and local
anomalies on the flat area adjacent to the flowed metal between the
flowed metal and the bond joint. The manufacturing defects occurred
during the CSDB operation and were due to interaction between the
titanium pre-form and the adjacent steel tooling.

6.1 Borescope, Fluorescent Penetrant, and Radiographic Inspection

Borescope inspection of the internal area of the three spar tubes at a
magnification of five, 5X, revealed linear snd localized defects. The
linear abnormslities, four to six inches in length, were observed on two
of the spar tubes, S/N 7 and 8 and were similar to the linear interaction
abnormality observed previously on the external surface of spar tube S/N 6
illustrated in Figure 39 and discussed in Section 5.0. The cause of these
linear interaction abnormalities is attributed to the steel mandrel con-
tacting the titanium pre-form or titanium foil during the bonding opera-
tion. The localized anomalies were observed on all three spar tubes and
were determined to be the same defects observed previously on the external
surface of the spar tubes and shown in Figure 40. That is, the localized
anomalies observed on the external surface extend through the wall thick-
ness of the spar tubes. The shrinkage cracking observed within the local-
ized anomaly on the external surface of the spar tubes was also evident on
the external surface of the spar tubes was alsc observed on the internal
surface thus, denoting that the shrinkage cracking were through cracks.
Table IV summarizes the type and location of each of the observed manu-
facturing defects in each of the spar tube. The borescope inspection also
disclosed the existance of a crazing appearance across the flowed metal

in the area of the linear interaction abnormality. No defects were.
detected by borescope inspection along the longitudinal bond joint of the
spar tubes. Fluorescent penetrant inspection in accordance with MIL-I-
6866A was performed on both the external and internal surfaces. No
evidence of cracking or voids was detected in the bond area or along the
flowed metal, except for the through cracking condition observed previous-
ly and shown in Figure 4O. The crazing condition across the flowed

metal was not detected by fluorescent penetrant. Radiographic inspection
in accordance with MIL-STD-453(1) was performed. No evidence of cracking
or voids was found in the bond area. Both the linear and localized in-
teraction conditions observed on the internal and external surfaces were
nbserved in areas adjacent to the bond joint. Figures 59 and 60 are
photographs of x-rays depicting the two interaction conditions on the
internal and external spar tube surfaces. The crazing condition along
the flowed metal area observed during fluorescent penetrant inspection

was also detectable in radiographic inspection and is illustrated in
Figure 60.

85




E
TABLE IV
: SUMMARY OF MANUFACTURING DEFECTS OBSERVED IN FABRICATED
CSDB SPAR TUBES
SPAR TUBE TYPE OF LOCATION OF SURFACE
S/N DEFECT DEFECT LOCATION
(:) (INCHES FROM
START END)
6 A 34 External
6 B 0-6 External ]
6 B 6-8 Internal
T A 118 External
T B 33-39 Internal
8 A 33 External
8 A T1 Externeal
8 B

A - Linear interaction condition along flowed metal,
(:) without through cracking, Figure 39

B - Localized interaction condition adjacent to flowed
metal with through cracking, Figure LO.
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FIGURE 59.

FIGURE 60.

PHOTOGRAPH OF X-RAY DEPICTING INTERACTION CONDITION IN FLOWED
METAL AREA ON INTERNAL SURFACE OF PRE-FORM S/N 7. MAG. 3X.

PHOTOGRAPH OF X-RAY OF INTERACTION CONDITION ON FLAT AREA
ADJACENT TO METAL FLOW CONDITION ON EXTERNAL SURFACE OF
PRE-FORM TUBE S/N 6, REFERENCE FIGURE 4O. NOTE CRAZING
CONDITION IN FLOWED METAL AREA. MAG. 3X.
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6.2 Ultrasonic Inspection

Prior to detail ultrasonic inspection of the bonded spar tubes, a cali-
bration standard was fabricated and a feasibility study weas performed.
Fabrication of the calibration standard and performance of the feasibility
study was accomplished by Nuclear Energy Services, Inc., an Automation
Industries, Inc., Company, Danbury, Connecticut. The ultrasonic technique
used for inspection was a pulse-echo immersion method equipped with a
direct read-out C-scan which manifest signals from the bond area above

the sensitivity setting of a known anomaly as calibrated by the calibra-
tion standard. The calibration standard was fabricated from a two inch
wide elliptical ring cut from an area of the spar tube S/N 6 that had
been evaluated by bend tests and visual, borescope, fluorescent penetrant,
and radiographic inspections, and considered to exhibit a bond of excellent
quality. Fabrication of the calibration standard consisted of machining
two notches, .005 inch wide by .010 inch deep by .063 inch long, at the
bonded joint, in two locations along the two inch width dimension, approx-
imately one inch apart. One notch was machined on the external surface
while, the other was machined on the internal surface. The notches sim-
ulate defects in the bond and will be used to standardize all inspections
on CSDB spar tubes. A sketch of the calibration standard is provided in
Figure 61. The feasibility study successfully demonstrated the practical-
ity of ultrasonically inspecting CSDB spar tubes and to readily detect the
notches in the standard.

The procedure established in the feasibility study and used in the
inspection of spar tubes S/N 6, 7, and 8 involved the use of a pulse-
echo water immersion technique in 45° angle beam and 90° longitudinal
modes by means of automated search unit. The search unit directed a pulse
beam, 45° angle or 90° normal, contingent upon inspection mode, through
the water to the flat surface of the spar tube. A total of five inspec-
tions in three modes were performed. These modes included the following
inspections: Two circumferential sheer inspections at 45° attitude from
both the right and left sides of the spar tube to detect defects or non-
bond condition in the bond Joint, two axial shear inspections at 45°
attitude from the force and aft directions of the spar tube to detect any
anomalies transverse to the bond joint, and one longitudinal inspection
at 90° attitude, normal to the external surface to detect any nonbonding
or defect between the external titanium foil and the external surface of
the spar tube, or between the internal titanium foil and the internal
surface of the spar tube. The circumferential shear mode and the axial
shear mode are basically the same type inspection, i.e., the shear waves
are transmitted along the wall thickness of the spar tube detecting de-
fects in the bond Joint. The longitudinal inspection mode is distinctly
different. In this inspection mode, the waves enter the spar tube normal
to the surface, pass through the wall thickness, and are reflected off
the back wall on the opposite side of the spar tube. A nonbond or defect
is depicted by a loss of signal. The five inspection operations are de-
picted diagrammatically in Figure 62. Three principal echo signals
appear on the reflectoscope during inspection: an echo from the water-
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INTERNAL NOTCH
(0.63"L X 0.005"W X 0.010"Dp)

FLOWED METAL

CONDITION FLOWED METAL CONDITION
\\\\\ BONDLINE
) Lﬂ
.62" \ / A
o
| 2n
1[?—6-2" J '
EXTERNAL NOTCH
NOTE: CENTER NOTCHES
" : "W X 0.010"
(0.63"L X 0.005 Dp) IN BOND LINE

EXTERNAL NOTCH

BONDLINE )y/,

INTERNAL NOTCH FLOWED METAL
CONDITION

FIGURE 61. CALIBRATION STANDARD FOR ULTRASONIC INSPECTION OF
CSDB SPAR TUBE.
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to-tube interface; an echo from the bond area at the joint; an echo from
the end or back wall of the tube. Figure 62 also illustrates typical
screen patterns observed from the modes tested. The signal from the bond
area was isolated or gated on the reflectoscope and an alarm level, a
percentage of the amplitude signal within the gate, also illustrated in
Figure 62 was selected. The bond echo signal occurring within the gate
was transmitted to a C-scan recorder which provided permanent record read-
outs. The search unit, carried by a bridge above the tank, scanned irn the
lateral dimension of the tank. At the end of each scan, the bridge indexed
a small increment, .020 inch, in the longitudinal dimension of the tank,
such that a complete X Y-scan of the flat area of the spar tube was ob-
tained. A paper recorder followed the motion of the search unit in a
one-to-one ratio. Signals from the bond area above the alarm level record
negatively - blank, void, indication; signals below the alarm level record
positively - visually observed on the paper. The sensitivity of the in-
spection was increased by reducing the alarm level to detection, i.e.,
aromalies smaller than are actually present in the calibration standard
were detectable. The sensitivity was increased until waves reflected

from the flowed metal corndition on either side of the bonded joint caused
interference on the recorder. The sensitivity was increased by an order
of magnitude of four with no indications of any voids or nonbond condition
before interference on the recorder occurred. An overall view of the
pulse-echo immersion ultrasonic equipment is provided in Figure 63.

Ultrasonic inspections of the spar tubes were performed with Search Units
SIL 10 MHgz pulsed at 5 MHy -=-- 5TA2790 for the circumferential and axial
modes and SIL 5 MHy / 3/4 inch diameter --- 5TA2694 for the longitudinal
mode. Initially notch 'A', notch on external surface was set at 80% full
screen deflection (FSD) on the reflectoscope and the alarm level was set
at LO0% FSD which is 50% amplitude of the notch. No indications of any
voids or nonbond condition were detected in any of the modes inspected.
Upon increasing the sensitivity level to an order of magnitude of four
(12.5% amplitude of the notch), revealed no indications of any ancmalies.
Figures 64 through 71 are typical C-scan recordings of the calibration
standard and spar tubes at each of the inspection modes will specific
sensitivity levels. No indications of any defects were detected at any
of sensitivity level inspected.
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FIGURE 62. DIAGRAMMATICAL ILLUSTRATION OF FIVE INSPECTION OPERATIONS
IN THREE ULTRASONIC MODES AND THEIR RESPECTIVE SCREEN
PATTERN OBSERVED ON THE REFLECTOSCOPE.
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the alarm level record positiyely ~ yisuaglly observed on the paper. The
sensitiyity of the inspection was increased by reducing the slarm level
to detection, i.e., anomalies smaller than are actually present in the
calibration standard were detectable. The sensitivity was increased
until waves reflected from the flowed metal condition on either side

of the bonded Joint caused interference on the recorder. The sensitivity
was increased by an order of megnitude of four with no indications of any
voids or nonbond condition before interference on the recorder occurred.
An overall view of the pulse~echo immersion ultrasonic equipment is pro-
vided in Figure 63.

Ultrasonic inspection of the spar tube was performed with Search Units
SIL 10 MHy; pulsed at 5 MH, --- 5TA2790 for the circumferential and axial
modes and SIL 5 MH, / 3/L inch diameter --- 5TA2694 for the longitudinal
mode. Initially notch 'A', notch on external surface was set at 80% full
screen deflection (FSD) on the reflectoscope and the alarm level was set
at 40% FSD which is 50% amplitude of the notch. No indications of any
voids or nonbond condition were detected in any of the modes inspected.
Upon increasing the sensitivity level to an order of magnitude of four
(12.5% amplitude of the notch), revealed no indications of any anomalies.
Figures 64 through 71 are C-scan recordings of the calibration standard
and spar tube at specific inspection modes and sensitivity levels. Note,
no indications of any defects at any sensitivity level.

REFLECTOSCOPE

C-SCAN RECORDER
'BRIDGE. |
—— L &N CONSOLE

\

C-SCAN RECORDING

FIGURE 63. PULSE-ECHO IMMERSION ULTRASONIC EQUIPMENT USED IN INSPECTION
OF CSDB SPAR TUBE.
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BONDLINE

NOTCH "B" ON INTERNAL SURFACE

FLOWED METAL
INDICATION

CUKVATURE ON
STANDARD

NOTCH "A" ON
FATERNAL SURFACES

|
FIGURE 64, C-SCAN KECORDING OF CALIBRATION STANDARD IN CIRCUMFERENTIAL
SHEAR INSPECTION MODE. NOTCH "A" 80% FSD, ALARM LO% FSD.
(NOTE INDICATIONS OF NOTCHES ON EXTERNAL AND INTERNAL SURFACES,
INTERNAL INDICATION PRINTS-OUT OFF BONDLINE DUE TO INTERNAL

]

~ PHOJECTION) .

APPROXIMATE LOCATION
OF BONDLINE

FLOWED METAL INDICATION

FIGURE 67, TYPICAL C-SCAN RECORDING OF CIRCUMFERENTIAL SHEAR
INSPECTION MODE ON SPAR TUBE. ALARM L40% FSD.
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FIGURE 66. C-SCAN RECORDING OF CALIBRATION STANDARD
IN LONGITUDINAL INSPECTION MODE, NOTCH "A"
80% FSD, ALARM 40% FSD.

AN RECORDING OF CALIBRATION STANDARD
AXIAL SHEAR INSPECTION MODE, NOTCH "A"
D% FSD, ALARM 40% FSD.
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TION MODE ON SPAR TUBES, ALARM 40% FSD. INSPECTION MODE ON SPAR TUBE, ALARM L40% FSD.
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FIGURE TO. TYPICAL C-SCAN RECORDING OF CIRCUMFERENTIAL
SHEAR INSPECTION MODE, ALARM 20% FSD.

FIGURE 71. TYPICAL C-SCAN RECORDING OF CIRCUMFERENTIAL
SHEAR INSPECTION MODE, ALARM 10% FSD.




7.0 FATIGUE TESTING - CSDB TITANIUM SPAR SPECIMENS

One full-scale ten foot long UH-60A BLACK HAWK spar specimen, twelve
small-scale specimens, and one D-spar were fatigue tested. The full-
scale fatigue testing of the ten foot long BLACK HAWK.spar an§ the D-spar
were performed under steady axial and vibratgry edgewise bending at loads
intended to initiate cracking in 1 to 3 X 10 cycles. T?e small—§cale
specimens fatigue testing was performed in tension--tension to failure or
1 x 107 cycles at a stress ratio of R = 0.1.

T.1 Full-Scale, Ten-foot CSDB Titanium Spar Specimen

A full-scale ten foot test specimen was fabricated from spar tube S/N T
and fatigue tested. Results of the testing show that diffusion bonding
produces satisfactory joint quality, well above flight load requirements
for the spar application.

T.1.1 Preparation and Fabrication of Full-Scale Fatigue Specimen

Upon completion of the non-destructive inspection methods used to evaluate
the spar tubes, one spar tube, S/N 7 was selected to be full-scale fatigue
tested. Prior to fabrication of the full-scale fatigue test specimen, in
accordance with EWR-50000 Drawing, Figure 72, the localized anomaly, which
was produced by the interaction of the wheel electrode and the titanium
pre-form at a weld defect in the tantalum thermal strip, and located on
the flat area of the spar adjacent to the flowed metal, between the flowed
metal and the bondline at station 118, was repaired. This type anomaly is
shown in Figure 40, spar tube S/N 6. The anomaly was considered potential-
ly detrimental to the fatigue characteristics of the spar and corrective
action was deemed required. The corrective action consisted in removing
the anomaly by drilling a half-inch diameter hole, inserting a plug of the
same diameter and material, Ti-6A1-4V, and securing the plug in place by
manual plasma arc welding using Ti-6A1-4V filler wire. After welding, the
external and internal weld surfaces were blended to the contour of the
spar by localized grinding. Radiographic inspection of the weld area was
performed in order to ascertain that the quality of the weld was satis-
factory. Prior to committing the full-scale fatigue test specimens to
this weld repair procedure, a trial tube segment from spar tube S/N 5 was
subjected to the above cited procedure in order to conform that the
technique was a viable repair method.

An additional manufacturing defect, a linear abnormality located on the
internal surface of the spar was observed from station 33 to 39, and has
been discussed previously in subsection 6.1 and illustrated in Figure 59.
The linear abnormality was along the flowed metal area occurring during
the CSDB operation and discussed in Reference (d). The abnormality was
due to an interaction between the titanium pre-form and internal mandrel
at a possible weld defect in the tantalum thermal strip. The condition
was also observed during non-destructive inspection of the spar tube.
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Because of its distance from the end of the tube, the length of the
defect, and the non-existence of thru cracking, it was decided that
repair was not required.

After successful completion of the plug repair creep forming of the spar
tube into the BLACK HAWK main rotor blade spar contour was achieved.
Creep forming was accomplished using the same techniques and procedures
described previously in subsection 3.2.

During removal of the Turko inert film and cleaning of the spar after
creep forming in preparation for fluorescent penetrant inspection, a black
smut condition was detected along the diffusion bonded joint area on the
external surface of the spar as shown in Figure 73. The black smut could
easily be removed by rubbing with a scrub brush or a mild abrasive. How-
ever, the black smut re-appears when the spar tube was cleaned in nitric-
hydrofluoric acid. Initially this condition was attributed to residual
molybdenum from the moly foil used as a parting agent in the CSDB process
and subsequently not removed during the previous cleaning operation. At-
tempts were made to eliminate the black smut condition with hot nitric
acid which is the normal method of removing the moly foil. However, after
continual exposure to the hot nitric acid, the condition still existed.
Localized sandblasting and mild sanding in the area were also unsuccessful
in eliminating the black smut condition. Review of spar tube S/N 8 showed
the same general condition. Macrographic inspection of the smut condition
suggested that it was possibly associated with selected etching of large
grains. Electron probe micro-analysis on areas exhibiting the black smut
condition and on areas not exhibiting the condition revealed no signifi-
cant difference in chemical elements. Scanning Electron Microscopy, SEM
of these areas disclosed different grain orientation to a depth of .00k

to .010 inches. A hardness profile taken of a cross-section showed no
significant trend. The observed black smut condition was determined to

be due to crystalographic grain structure. No adverse effects were ex-
pected from this condition.

Subsequent to successfully creep forming spar tube S/N 7 into the desired
airfoil contour and prior to installation of the end attachment fittings,
the spar was shot peened. Shot peening of both internal and external
surface of the spar was performed in accordance with the requirements
and techniques for the production BLACK HAWK main rotor spar. Final
buildup of the full-scale fatigue test specimens was accomplished in
accordance with EWR 50000, Figure 72. Fabrication entailed cutting .008
inch thick fiberglass pre-impregnated material into various lengths from
sixteen inches to thirty-one inches, in increments of 0.1 inches for a
total cumulative laminated thickness of approximately 1.5 inches, in-
volving more than 160 plies for each of four laminate packages. After
curing the laminates in an autoclave, one each of the four buildup lam-
inate packages were bonded to each end of the spar, top and bottom sur-
faces prior to drilling the holes for the attachment cuffs. The purpose
of the laminate buildups is to strengthen the ends of the specimen for
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the gradual distribution of load from the spar to the attachment cuffs.
After drilling the holes for the attachment cuffs, the internal diameter,
ID of the holes were roller burnished. Prior to assembly of the attach-
ment cuffs, the hardware for the internal pressurization detertion system,
blade inspection method, BIM, was installed. The hardware consisted of
an access tube and two retension plates which were sealed at each end of
the spar on the internal area. The spar is pressurized, and cracking
induced by fatigue loading and propagating through the wall thickness
causes a detectable loss in internal spar pressure. The titanium attach-
ment cuffs were subsequently assembled and secured with through bolts and
a paste adhesive.

7.1.2 Testing of Full-Scale Fatigue Specimens

Prior to fatigue testing the specimen was strain gaged and calibrated.
Strain gaging was accomplished in general accordance with the locations
specified on EWR 50000, Figure T72. Flatwise and edgewise calibration was
accomplished by mounting the specimen as a cantilever I-Beam column and
applying known moments with dead weights. Figure T4 shows the specimen
during calibration.

Fatigue testing of the full-scale specimen was designed to determine
fatigue crack initiation strength and failure modes. Testing was per-
formed on a 200,000 pound pin-pin semi-resonate fatigue testing facility.
A simulated centrifugal load of 50,000 pounds was mechanically applied by
a soft spring loading mechanism which was attached through strain gaged
and calibrated steel strips to the end of the specimen. The applied load
produced 23,400 psi steady axial tension stress on the spar specimen.

The spar was mechanically forced to vibrate slightly below its first

mode edgewise natural frequency by a servo-controlled hydraulic actuator.
The natural frequency was reduced by adding two, ten pound blade weights
to the center of the specimen. The weights also assisted in obtaining
the required maximum vibratory stresses at the center of the test speci-
men. The specimen was oriented in the test facility at an angle of 90°
with respect to the plane of the support pins. The 90° angle was selected
because it developed pure edgewise bending with maximum stress along the
diffusion bond joint. Testing was conducted at a vibratory stress of +
25,000 psi, a load level intended to demonstrate the adequacy of the

CSDB joint. Figure TS5 depicts the spar specimen in the fatigue facility.

T.1.3 Results of Full-Scale Fatigue Testing

After 145,000 cycles of testing at + 23,400 # 25,000 psi, the specimen
fractured thirty inches from one end (subsequently determined to be
station 36). Prior to fracturing, the pressurized blade inspection
system indicated a crack in the specimen. The crack was noted to be
3/4 inches in length. While the test was being oriented to obtain
crack propagation data, fracture of the specimen occurred with no
significant additional cycles. A good bending mement distribution was
attained during fatigue testing. The bending moment distribution curve
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is depicted in Figure T76. Visual inspection of the separated specimen
showed that the fracture was located one inch inboard from the end of

the tapered fiberglass laminates, reference Figure TT7. Cracking was
noted to have initiated perpendicularly to the diffusion bond joint, and
across the localized anomaly previously observed on the internal surface
of the specimen. No evidence of span wise or longitudinal separation of
the diffusion bond joint was detected. The diffusion bond did not rup-
ture along the longitudinal axis of the spar specimen as the circumfer-
ential crack approached and propagated transversely across the bond
Joint. Previous experience has shown that longitudinal rupturing may
occur along the bond joint when transverse or chordwise crack propagation
reaches a diffusion bond joint of poor bond quality. Results of the full-
scale fatigue test are shown in Figure 78. The results indicate that
CSDB blade spars are structurally adequate for use in UH-60A BLACK HAWK
main rotor blades.
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T.1.4 Failure Analysis of Full-Scale Fatigue Specimen

In order to ascertain the cause and mode of cracking of the full-scale
spar specimen, visual, fractographic, and metallographic examination

were performed. Visual inspection disclosed that the specimen separated
approximately 30 inches, station 36 from the start end of the spar speci-
men and that the fatigue origin emanated from a manufacturing defect lo-
cated on the internal surface of the specimen. Review of the specimen's
x-ray film showed that the manufacturing defect was the linear abnormal-
ity detected previously during non-destructive inspection, and described
in subsection 6.1 and depicted in Figure 59. Examination of the fracture
interface confirmed the mode of cracking to be fatigue originating at a
linear interaction abnormality on the internal surface of the specimen
away from the diffusion bond joint. The cracking was noted to have prop-
agated bidirectionally in a transverse or chordwise mode, perpendicular
to the diffusion bond joint with a typical elliptical propagation pattern.
The abnormality was observed to be approximately 1/8 inches in diameter
extending through 1/3 of the wall thickness at the fracture location.
Fatigue propagation of the crack extended through the wall thickness to
the external surface of the specimen and was approximately 1-1/2 inches
in length before complete separation of the specimen occurred due to
static overload. Cyclic loading propagation was approximately 10% of the
spar's cross section; the remaining 90% was overload. The origin in the
manufacturing defect, at the metal flow region, was located away from the
diffusion bond joint on the internal surface of the spar. In conjunction
with the applied stresses, the manufacturing defect produced a stress
concentration that was sufficient to initiate fatigue cracking. The
applied stresses at the crack location were 7O to 75% of maximum stress
on the spar specimen reference stress distribution curve, Figure 76.
Figure 79 is a view of the separated specimen and cross section of the
fracture interface, depicting the origin, fracture texture, and extent

of the anomaly. Optical and dye-penetrant spot check examination of the
bond at the fracture regions revealed no evidence of longitudinal joint
separation. That is, the diffusion bond did not rupture along the longi-
tudinal axis of the spar specimen as the circumferential crack approached
and propagated transversely across the bond joint. Previous experience
has shown that longitudinal rupturing along the diffusion bond joint
occurs when transverse crack propagation reaches a diffusion bond joint
of poor bond quality, reference (a). Macro-examination of a transverse
section through the bond depicted a well defined 1-1/L4 inch heat effected
zone with no manifestation of a bondline. Micro-examination of the heat
effected zone and base metal disclosed no finite bondline, only a coarse
large transformed beta grain structure in the heat effected zone and
surrounding alpha-beta structure typically observed in this sheet mater-
ial, reference Figure 80.
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FIGURE 79. FRACTURE AREA OF CSDB FATIGUE TEST SPECIMEN, S/N 7
DEPICTING ORIGIN AT INTERACTION CONDITION ON
INTERNAL SURFACE.
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FIGURE 80. TRANSVERSE SECTION THROUGH BOND AREA CSDB FATIGUE

TEST SPECIMEN S/N 7, ILLUSTRATING TYPICAL STRUCTURE.
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T.2 Small-Scale CSDB Titanium Specimens

! Twelve small-scale test specimens were fabricated from spar tube S/N 8
and fatigue tested. Results of the testing show that diffusion bonding
| produces satisfactory joint quality, well above flight load requirements
' for the spar application.

T.2.1 Preparation and Fabrication of Small-Scale Fatigue Specimens

After completion of the non-destructive inspection methods, spar tube
S/N 8 was cut into segments and small-scale fatigue specimens were fabri-
cated and subsequently tested. Selection of the location for machining
of the small-scale fatigue test specimens from spar tube S/N 8 and sec-
tioning of the spar tube into twelve specimen blanks was accomplished as
depicted in Figure 81. After sectioning, the specimen blanks were
cleaned and Turko coated in preparation for the simulated hot forming
cycle. In order to prevent any warpage during the simulated hot forming
cycle, the small-scale specimens were held between alternate layers of
titanium and steel plates. Three "C" clamps, one at each end and one in
the center, were used to mechanically hold the specimens to a base plate.
The clamped stackup was placed in a furnace, heated to 1335°F + 35°F and
held at temperature for five hours. After the five hour cycle, the heat
was shut off and the clamped specimens were allowed to cool overnight in
the furnace with the door clcsed. Upon removal of the clamped specimens
from the furnace, the clamps were removed and the specimens were placed
in hot Kolene salt solution to remove the oxide scale and inert film.
Subsequently, the specimens were acid etched in nitric hydrofluoric
removing .001 to .002 inches of material from each surface to eliminate
any minute layer of alpha case that could have formed during the simu-
lated hot form operation. The twelve small-scale specimens were final
machined into the test specimen configuration depicted in Figure 82.

The final machined small-scale specimens were polished in the reduced
area of the thickness dimension prior to shot peening. ©Shot peening was
performed in accordance with the spar drawing requirements of 330 size
shot to an intensity of .008 to .012 Arc height.

DIFFUSION 1
SPRCTMEN BONDLINE i
I.D. g.519.5 30 Lo0.5 50.560.5| 76.5 86.5 96.5 106.5 121.5 1?1.5 }

! I ]
100 L 136
STATION 1 2y 3% 45 55 65 g1 91 10 §56. 43

FIGURE 81. LOCATION OF SMALL-SCALE FATIGUE SPECIMENS AS RELATED TO
CONTINUOUS SEAM DIFFUSION BONDED SPAR TUBE S/N 8.
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T.2.2 Testing of Small-Scale Fatigue Specimens

Fatigue testing was performed at room temperature under Axial Load on
Sonntag SF-1-U Universal Fatigue Testing Machine equipped with 5:1 load
amplifiers as shown in Figure 83. Twelve small-scale specimens fabri-
cated from spar tube S/N 8 were tested. Rigid grips retained the speci-
men under tension-tension loading. A typical test specimen installed in
the grips is shown in Figure 84. Loads were applied at 60 cycles per
seconds, Hz and were measured by a calibrated full bridge load cell in
series with the test specimen. The static and dynamic load cell output
were read with the aid of an Ellis BA-12 Bridge Amplifier and Oscillo-
scope Console. All specimens were tested at a ratio of minimum to maxi-
mum stress, R of 0.1.

FIGURE 83. SMALL-SCALE FATIGUE
TEST FACILITY.

FIGURE 84. CLOSE-UP OF SMALL-SCALE FATIGUE
SPECIMEN ARRANGEMENT.
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T.2.3 Results of Small-Scale Fatigue Specimen

Results of fatigue testing are tabulated in Table V and plotted in
Figure 85. The mean curve for the specimens tested is well above the
equivalent cruise flight and maximum measured maneuver condition on
the BLACK HAWK aircraft.

TABLE V
SUMMARY OF FATIGUE TEST RESULTS
CSDB SPAR TUBE S/N 8 SMALL-SCALE SPECIMENS
SPECIMEN MAX. CYCLES TO
IDENTIFICATION STRESS FRACTURE
(s/n) * (Ks1) (1 x 106)
(R=0.1)
9.5 70 .091
19.5 70 25733
30.0 80 1.387
40.5 100 .0b5
5015 80 .158
60.5 100 .101 |
6.5 80 .091 |
86.5 80 .091 1
96.5 80 1.268 j
106.5 80 778 =
121.5 80 2.095
131.5 70 9.3kk |

* S/N corresponds to specimen location along
length of tube spar S/N 8.
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T.2.4 Failure Analysis of Small-Scale Fatigue Specimen

In order to confirm the mode of failure and to ascertain if any anomaly
exist that could have contributed to the failures, fractographic examin-
ation of the specimens were performed. Examination of the twelve speci-
mens showed that all of the specimens had subsurface origins with ten
specimens originating towards the internal surface of the spar at three
general locations and two with origins towards the external surfaces

at one general locations. Three basic failure modes were observed during
the examination. The origin locations and failure modes were directly
related, i.e., two specimens originated at the corner or edge; seven
specimens originated at the bondline or diffusion bond joint; and three
specimens originated in the heat effected zone. No trend was noted be-
tween the failure mode and fatigue characteristic, reference Figure 86.
Specimen S/N 50.5 most significantly depicts failure through the bond-
line and indicated lack of complete diffusion at the bond joint, re-
ference Figure 86.
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FIGURE 86.

FRACTURE INTERFACE AND S-N PLOT OF SMALL-SCALE SPECIMENS
ILLUSTRATING FRACTURE MODE, ORIGIN LOCATION AND STRESS
CYCLE RELATIONSHIP. MAG. 6X.

119

s e T =




D
(o)

-
O

MAX STRESS (KSI)

~
[
Y

CYCLES TO FRACTURE




NOTE:

1. FATIGUE AREA DEPICTED BY DASH LINE.
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7.3 Fatigue Testing of D-Spar Specimen, S/N 2-A

A CSDB D-spar, S/N 2-A which was originally fabricated and fatigue
tested under a previous CSDB program, DAAGU6-T2-C-01T5 as reported in
Reference (a), was retested in this program. The purpose of the retest-
ing was an attempt to collect additional fatigue test data. Testing of
the subject specimen resulted in fracture of the specimen at the first
set of attachment bolt holes, similar to the fracture experienced in the
previous program. No significant additional fatigue test data was ob-
tained in the retesting activity. The fracture through the attachment
bolts was attributed to high stresses at the bolt end attachments.

These high stresses were due to a poor spanwise stress distribution
associated with the shortness of the specimen and the mass of the end
attachment cuffs.

T.3.1 Fabrication and Testing of D-Spar Fatigue Specimen

A 9 foot long CSDB D-spar, S/N 2-A, fabricated and fatigue tested in a
previous program, Reference (a), was retested in this program by shorten-
ing the spar to 8 feet. The purpose of the retesting was to obtain addi-
tional fatigue data for evaluation of the CSDB concept applied to heli-
copter rotor blade spar fabrication with a minimum investment. Retesting
of the D-spar was possible because during initial testing of this D-spar,
fracture occurred seven inches from one end, through the outboard attach-
ment bolt holes, leaving sufficient length of spar for possible testing
of a short specimen. The fractured end of the original 9 foot D-spar

was removed one inch from the inboard bolt hole. New glass-epoxy and
stainless steel laminates and wide titanium clevis cuffs were installed
as attachment ends. The overall length of the spar was 110.25 inches
from cuff-to-cuff face. This is the same successful fabrication tech-
nique used on D-spar S/N 1-A in the previous program and reported in
Reference (a), Figure 87 is a view of the fabricated short fatigue test
specimen prior to testing. The present laminate buildup on spar S/N 2-A
was thicker than used in the initial testing of this spar. The greater
laminate buildup produces a stiffer attachment end condition which re-
duces the stresses at the bolt holes and attempts to force failure to
occur in the more highly stressed central region of the spar. The
specimen was instrumented with strain gages, top and bottom, to form a
bridge which would denote the edgewise bending of the specimen, and on
top to depict the total stress along the diffusion bond. A sketch of

the specimen with strain gages installed is illustrated in Figure 88.

The specimen was calibrated for edgewise testing and was installed in a
200,000 pound semi-resonant fatigue test facility as shown in Figure 89.
The 200,000 pound semi-resonant fatigue test system is equipped with a
hydraulic motor and servo capable of applying both the required centri-
fugal and vibratory forces. The hydraulic servo excites the spar near
first mode resonance and the amplitude is adjusted in an attempt to
achieve the desired vibratory stress at the mid-point of the specimen.
Specimen strain output was monitored using an Ellis dynamic strain console

121

. — -




*V-¢ N/S NEWIOAdS LSIL dANDILVA dVdS-d

*Lg HYNDId

122

PUTROBEAINCE SR




‘Ve N/S NEWIDE4S I00J IHDIE “¥VdS-d WAINVIIL €dsSO ‘WVYDVIQ FDHVD NIVMLS °88 FMNOIJ

aNod
NOISNA4Id

\\ gIvd HOVD

THYH DNIANHLE
SSEHIS ASIMIDAA
TVLOL

4 9 q f ¢ NOILVIS
D SHOVH
49ad _ ONIANId
ONIAVHET S IMHOUAH
o ,/’y famnl m m [=al !J\\\
1 |5 T 1
O 00O | 0000
O 00O 0000
iLt T | - Ji=

BE

| —h—
4004 T T e I L SEVY
ONITIVHL ONIUINHG
SHOWD W< - ueE AS1MADQY
SSHYLS
TVLOL
et — WG2T1 66
T 1SSIOLT
—
ANOd NOIsSNAd4Id
== IMN (— =)
- -_—-r- - dlﬁUTIMmlilnu
== = o=
-

123

|




NI V=¢ N/S ¥VdS-d HLIM XIITIOVA LSEL ANHILVA INVNOSHM-IWAS ANNOd 000

00¢c

.@@

T

ful

an

n

J

I4

124




o e B ALy

and oscilloscope. Figure 63 depicts the instrumentation used in the
testing. A pressurized blade inspection system was the prime crack
detection method.

T.3.2 Results of D-Spar Fatigue Specimen

While attempting to obtain the desired stress distribution, the D-spar
ruptured after 181,000 cycles of testing. Fracture occurred through the
first set of attachment bolt holes as shown in Figure 90. Rupturing of
the D-spar was not associated with the diffusion bond joint. Although
the short specimen had experienced 181,000 cycles of fatigue testing, no
significant fatigue test data was obtained from this testing. The lack
of significant fatigue test data is related to the low stress obtained |
during testing. That is, the edgewise bending stress at the midpoint of
the short specimen had not reached the desired testing load of * 25,000
psi before the specimen ruptured. Table VI lists the vibratory stresses
and respective cycles obtain during testing. A stress distribution curve
from the initial load survey was obtained and indicates that the spar
midpoint was not the point of maximum stress, Reference Figure 91. The
higher stresses in this specimen were developed at the outboard (excited)
end where the failure occurred. This poor distribution is attributed to
the shortness of the specimen and the mass of the end attachment fittings.

TABLE VI
SUMMARY OF FATIGUE TEST RESULTS OF D-SPAR RETEST
Applied Steady Approximate Vibratory Estimated
Centrifugal Force Stress Bending Stress at D-spar Cycles
(1bs) (PsI) Midpoint (+ KSI) 3% 10
37,000 28,000 1 071
37,000 28,000 14 .089
37,000 28,000 18 .007
37,000 28,000 20 .007
37,000 28,000 22 .007
Total
Cycles .181
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FIGURE 91. TYPICAL STRESS DISTRIBUTION, DIFFUSION BONDED D-SPAR
S/N 2-A OBTAINED DURING SETUP.
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T.3.3 Failure Analysis of D-Spar Fatigue Specimen

In order to confirm the cause of failure and to establish tke mode of
cracking, visual, fractographic, and metallographic examinations were
performed. Inspection of the ruptured spar showed the failure had
occurred through the first set of attachment holes at one of the attach-
ment cuffs. Examination of the fracture interfaces disclosed them to
manifest two basic modes of crack propagation. The initial or primary
mode of cracking was brittle, cyclic type propagation, fatigue in nature
with the origin emanating from the inner diameter, I.D. of the outboard
attachment hole closest to the trailing edge of the spar. This primary
cracking extended for 1-1/2 inch, approximately 10% of the spar's cross
sectional area, as depicted in Figure 92. The fatigue origin is located
on the I.D., away from the edge of the drilled hole in the approximate
center of the thickness of the material and exhibited evidence of a least
four different load levels as illustrated in Figure 93. These load levels
were incurred as the Test Engineer increased the testing loads from O to
22 ksi, Reference Table V. Evidence of discoloration is not known, but
it appears to be an effect rather than a cause of the cracking. No old
or precrack which could have been associated with the original testing
of the D-spar in 1974 was observed on the fracture interface. No ano-
malies of any nature that could have caused or contributed to premature
failure of the D-spar were detected at the origin area. The remaining
portion of the cross sectional area constituted the secondary cracking
mode which was predominately ductile, static in nature, resulting from an
overload condition. A very small secondard fatigue region, less than 1%
of the cross section, was observed 180° from the primary fatigue origin
location. From the overall morphology of the fracture interface, it is
apparent that the unit area loading at the fracture region was very high
and the fatigue propagation was rappied with a low number of cycles.

This theory is substantiated by the stress distribution curve, Figure 91.

T.3.4% Conclusion

Fracture of the short specimer D-spar was due to high inertial loads
developed at the outboard cuff attachment end. The high inertial loads
were directly related to the mass of the cuff attachments versus the mass
(length) of the short specimen D-spar. Additional testing of a stiff
shorter specimen, 7 feet, was not practical.
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FIGURE 92. FRACTURE INTERFACE WITH TWO DISTINCT FRACTURE MODES




CLOSE-UP OF ORIGIN AREA.

FIGURE 23.




8.0 CONCLUSIONS

The manufacturing methods and technology has been established in which
ten foot helicopter main rotor blade spars of the UH-60A BLACK HAWK con-
figuration has been successfully fabricated by cold brake forming titan-
ium sheet material into an elliptical pre-form shape, joining the pre-
form by the continuous seam diffusion bonding process, and hot creep
forming the bonded spar tube into the required airfoil contour. Fatigue
testing has ascertained that continuous seam diffusion bonding has fatigue
strength characteristics well in excess of maximum flight stress of the
BLACK HAWK aircraft. The program, therefore, has demonstrated that con-
tinuous seam diffusion bonding CSDB is a viable joining process and has
potential production relevance for helicopter main rotor blade spars and
in other similar joining applications.

Scale-up to full size, twenty-five foot spars will be required in order

to determine a production cost basis. However, due to the ease in in-
spectability as related to absence of the weld bead; to minimal process
controls associated with the CSDB process and with the associated reduction
in rejection rate, it is anticipated that, if development of the full size,
twenty-five foot spar was complete and the facility was on-line, the cost
savings of production CSDB spar tubes compared to PAW spar tubes would be
approximately 10%.

Additional efforts will be needed during the scale-up phase to refine
tooling design in order to eliminate future occurrence of any inter-

action between the titanium pre-form and the external wheel electrode or
the internal mandrel electrode.
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9.0 RECOMMENDATIONS

It is recommended that, the CSDB process be considered as a viable
alternate fabrication procedure for blade spars as well as other

similar joining applications on Ti-6A1-LV aircraft structures. Aithough
encouraging results have been obtained in the current contract effort,
pursuit of the follow-on or the originally proposed Phase II effort of
the current contract for application of CSDB spars for the UH60A heli-
copter is not recommended at this time because of the following reasons:
(a) A substantial capital investment has already been committed to pro-
duction plasma arc welding equipment and a significant amount of full
scale qualification data on plasma arc welded spars has now been obtained
for the BLACK HAWK, UH60A helicopter. (b) A significant additional dollar
commitment would still be required to scale-up the CSDB process to pro-
duce full-size, twenty-five foot long production spars and obtain the
qualification data necessary to be able to incorporate CSDB spars into
production. (c) The time frame of the existing production schedule for
the UH60A helicopter with respect to that time at which CSDB spar im-
Plementation could be accomplished is such that it is not expected that

a substantial return on investment would be realized at this point in
time.
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(a)

(b)

(e)

(a)
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APPENDICES
Appendix A -~ Continuous Seam Diffusion Bonding Pre-form
Specification

Specirication for Fabrication of Titanium Pre-forms
for CSDB of BLACK HAWK Spars

The purpose of this specification is to provide
requirements for the fabrication of pre-forms from
titanium 6A1-4V alloy sheet material for butt join-
ing by Continuous Seam Diffusion Bonding, CSDB, of
BLACK HAWK spars.

Ss-8L455, Ti Alloy 6A1-4V Sheet, Strip and Plate
MIL-T-9046, Ti and Ti Alloy Sheet, Strip and Plate.

The following requirements shall be used for the
fabrication of pre-forms to be joined by CSDB for
BLACK HAWK spars:

€L The pre-form shall be fabricated from
titanium 6A1-4V alloy sheet material with
the following requirements: A sketch of
the titanium sheet is provided in Figure Al.

Length of Sheet 300 + 1 inches
Width of Sheet 16.364 + .010 inches
Thickness of Sheet .1L45 + .005

Edge Squareness 1° within .002 inch
Surface Roughness 63AA max

Straightness of Edge .005 inch max

Note: The longitudinal machined edges of the
titanium sheet are NOT to be deburred or
rounded. DO NOT BREAK SHARP EDGES. After
machining, the sharp, knife edges are to
remain and shall be protected with an edge
covering, e.g., vinyl channel material.

2. After brake forming the titanium sheets, the
pre-forms shall conform to the configuration
depicted in Figure A2 and shall be in accordance
with the following criteria.

R TE——




2.1 Unclamped pre-form requirements;

Gap (Distance between surfaces to be
bonded)

Symmetry (centerline of width dimension
to coincide with the midline of the Gap)

Internal Height Dimension

External Width Dimension

Width of free edge flats

Width of flat at base

Flatness of free edge flats

Mismatch of free edge flats
Straightness (Longitudinal Direction)

136

7/8 to 1 inch

Within 3/16 inch max

L3 + % inch

6-% + % inch

1l to 1.1 inch

% inch min each
side of centerline
of the width of the
sheet

Within .010 inch
in any six inches

1/8 inch max
1l inch max in 10 feet
3 inch max over 300 inches




S e ) Gy DO NOT BREAK
-005" SHARP EDGES . 002"
i S 2
16. 36h"
£ 010"
.005" 1 i
2 e | 18 853 e

FIGURE Al. TITANIUM 6A1-LV SHEET MATERIAL FOR CSDB PRE-FORMS.

137

A=

AN NOM."' =

bl




TR TSR

| 5 6 /2" = 14" o
el
| / FLAT* /o
| 11003, 2
| TYP MIN

L 1/2"
It + 1/2"
| |

|
¢

u
|
|

' | e FLAT* * WITHIN .010" IN
1/2 INCH ANY 6" LENGTH
TYP. MIN. 8

FIGURE A2. TYPICAL PRE-FORM CONFIGURATION.
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Appendix B - Cleaning Procedure for Continuous Seam Diffusion
Bonding Components

Materials

Solvent, Metriclene MF, or equivalent
Solvent, ND-150 solution, or equiyalent
Alkaline cleaner, Oakite 77, or equiyalent
Acid, Nitric 42° Baume (Fed. Spec. 0-A-88)
Acid, Hydrofluoric, T0% (Fed. Spec. A-H-T95)
Water, demineralized (commercial grade)

Method

1.

Solvent wash, using ND-150 solution of Metriclene M-l as required to
remove all mill marks, inks and dyes. (Chrloinated solvents will not
be used on titanium parts.)

Immerse in the alkaline cleaner and allow to remain for minimum of
5 minutes -

a. Solution - 6 to 10 ounces of QOakite 77 per gallon of water
mainteined at 160-180°F.

b. Immersion rinse and repeat alkaline cleaner cycle until a
"water break free" surface condition is achieved.

Rinse - a thorough rinsing in water is required.

Immerse in nitric-hydrofluoric acid solution and hold as required

to loosen scale, oxides and discoloration.

a. Solution - 3 to 5 percent hydrofiuoric acid by volume,
plus 27 to 32 percent of nitriec acid by volume in water
maintained at a temperature of 130-1L40CF.

b. Immersion time limits vary with solution conditions, long
durations may be used as long as a detrimental etching is avcided.

Rinse - clear water

8. Air-water blasting may be used to remove scale, oxides and
discoloration.

Immerse in nitric acid solution, hold as required to loosen all smut

and oxide residues.

a. Solution - 40 to 50 percent solution of nitric acid by
volume in water, maintained at 140-18QOF,
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% 7. TImmersion rinse in clean water and follow with air-water blasting to
remoye all smut and other residues,

E 8. Rinse - demineralized water
9. Bake until dry - 250 + 50°F.

10. Package
a. Do not handle without clean white gloves.
b. Wrap in paper until used.

E NOTE: Clean only that quantity of parts that can be
1 bonded in a single skift,




E Appendix C - CSDB Brake Forming Operation Eheets

010 Place titanium sheet on knee supports in front of brake press,

020 Check sheet for radius on both ends (to keep sheet from cracking).

030 Check sheet for any impression stamping (hold for further info).

040 Mark off ends of sheet with ink marker per sketch below.

050 Lines are every 1/2 inch apart starting from the edges and going to
the centerline. Scribe on thickness dimension of sheet as shown. DO
NOT scribe on 0.D. or I.D, of pre-~form,

: 0E0 Retain protective strips along longitudinal length of sheet during

brake forming operation.

RETAIN PROTECTIVE STRIPS
ALONG THESE EDGES. DO NOT
BREAK SHARP EDGES.

7 scriee ¢ HERE /

8 '/ (EACH END)
r——é

T ol 1

el
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RAD. ENDS ONLY ;
(TYP)
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070 Install dies on brake as shown.
Note; Shim dies as required. Contour in die to be parallel

with punch.
Prove by squashing 1/8 inch aluminum wire.

&-—— PUNCH DEV. 234

S (3) SECTION DIE. STD-1237-804-000
h

le———— STDI1237 - 802

e——— MACH. BED
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.080 Brake Form Titanium Sheet Msterisl as Described Below;

Note:; Sketches of each hit are provided for use as a guide and
illustrate sheet configurastion after each hit,

Hit No. Distance Punch Dial Setting

to Edge .149 Matl .1L2 Matl Remarks

p 2.2 5.805 5.790 Use hinged stops at
5-5/16 from front of
die.

2 2.6 5.890 5.875 Clamp angles at
5-5/8" on bottom of
sheet.

3 3.1 6.305 6.305 Clamp angles at

5.875 5.860 T" on bottom of

sheet for partial
form, then clamp
at 6-1/2 after hit
check for 7°-8°

closed.
L Sae 5.890 5.890 Clamp angles on
bottom of sheet on.
5 4.5 5.8L45 5.845 Form to 1.85 rad
5.790 5.790 template.
6 6.0 6.170 6.170 Form to 1.85 rad
template.
6.5 6.130 6.130 Form to 1.85 rad
template.
8 See Sketch* 5.980C 5.980 Form to 1.85 rad
template.
—-i I——‘ REF. 1" GAP
MIN. FLAT I-_ ‘
1" (TYR) i
PREFORM 5
¢ ;
LAST 3
b HIT
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CSDB
MMET

PAW

MEK

NDI

e e e d

e
KSI

psi

S/N

CPS

1bs

5 Ti-6A1-Lv

LIST OF SYMBOLS

Continuous Seam Diffusion Bond
Manufacturing Method and Technology
Plasma Arc Weld

Titanium Alloy containing 6% eluminum 4%
Venadium as major alloying elements

Methyl Ethyl Ketone
Non-destructive Inspection

foot

Thousand Pounds Per Dquare Inch

Pounds Per Square Inch

Degree Fahrenheit
Decibel

Arithmetical Average
Optical Magnification
Steady Stress

Serial Number

Cycle per second

Hertz

Pounds

152




T T S TR T T R T Vi el ol i Y v R w‘
o i - s S - ——— - - e - ——
[

DISTRIBUTION LIST

No. of
Copies To

Commander, U.S. Army Aviation Research and Development Command, P.O.
Box 209, St. Louis, Missouri 63166
ATTN: DRDAV-EXT

DRDAV-EQ

DRCPM-AAH-TM

DRCPM-BH-T

DRCPM-CH=-4TM-T

DRCPM-ASE-TM

DRCPM-CO-T

DRCPM-IAP-T

HHRHEHERRO

Director, Applied Techrology Laboratory, Research and Technology
Laboratories (AVRADCOM), Fort Eustis, Virginie 2360L
2 ATTN: DAVDL-EU-TAS

Director, Aeromechenics Laboratory, Research and Technology Labor-
atories (AVRADCOM), Moffett Field, California 94035
1 ATTN: DAVDL-AM, Mail Stop 215-1

Director, Structures Laboratory, Research and Technology Laboratories
(AVRADCOM), Hampton, Virginia 23365
1 ATTN: DAVDL-LA, Mail Stop 266

Director, Propulsion Laboratory, Research and Technology Laboratories
(AVRADCOM), 21000 Brookpark Road, Cleveland, Ohio L4135
1 ATTN: DAVDL-LE, Mail Stop T77-5

Commander, U.S. Army Materiel Development and Readiness Command,
5001 Eisenhower Avenue, Alexandria, Virginia 22333
L  ATTN: DRCMT

12 Commander, Defense Documentation Center, Cameron Station, Building 5,
5010 Duke Street, Alexandria, Virginia 22314

Commander, U.S. Army Armament Materiel Readiness Command,
Rock Island, Illinois 61299
1 ATTN: DRSAR-IRB

Commander, U.S. Army Armament Research and Development Command,
Dover, New Jersey 07801

1 ATTN: DRDAR-PML ‘

1 DRDAR-LC. Large Caliber Weapons Systems Lab

153 I




DISTRIBUTION LIST

No. of
Copies To

Commander, U.S. Army Armament Research and Development Command,
Chemical Systems Laboratory, Aberdeen Proving Ground, Maryland 21010
1 ATTN: DRDAR-CLR-T/T

Commander, U.S. Army Communications and Electronics Materiel Readiness
Command, Fort Monmouth, New Jersey OTT03
1 ATTN: DRSEL-LE

Commander, U.S. Army Communications Research and Development Command,
Fort Monmouth, New Jersey 07703
1 ATTN: DRDCO-PPA

Commander, U.S. Army Mobility Equipment Research and Development
Command, Fort Belvoir, Virginia 22060
1 ATTN: DRDME-ZE

Commander, U.S. Army Natick Research and Development Command,
Natick, Massachusetts 01760
1 ATTN: DRDNA-E

Commander, U.S. Army Test and Evaluation Command, Aberdeen Proving
Ground, Maryland 21005 i
1 ATTN: DRSTE-ME :

Commander, U.S. Army Missile Materiel Readiness Command, Redstone
Arsenal, Alabama 35809
1 ATTN: DRSMI-NSS

Commander, U.S. Army Missile Research and Development Command,
Redstone Arsenal, Alabama 35809
1 ATTN: DRDMI-EAT

Commander, Harry Diamond Laboratories, 2800 Powder Mill Road,
Adelphi, Maryland 20783
1 ATTN: DELHD-PP

Commander, U.S. Army Tank-Automotive Materiel Readiness Command,
Warren, Michigan 48090
1 ATTN: DRSTA-EB

Commander, U.S. Army Tank-Automotive Research and Development Command,
Warren, Michigan 48090
1 ATTN: DRDTA-R

154

s T




DISTRIBUTION LIST

No. of
Copies To

Commander, Rock Island Arsenal, Rock Island, Illinois 61299
1 ATTN: SARRI-EN

Commander, Watervliet Arsenal, Watervliet, New York 12189
1 ATTN: DRDAR-LCB-S
1 SARWV-PPI

Commander, U.S. Army Troop Support and Aviation Materiel Readiness
Command, 4300 Goodfellow Boulevard, St. Louis, Missouri 63120

1 ATTN: DRSTS-PLE

1 DRSTS~-ME

2 DRSTS-DIL

Director, U.S. Army Industrial Base Engineering Activity,
Rock Island Arsenal, Rock Island, Illinois 61299
3 ATTN: DRXIB-MT

Director, U.S. Army Ballistic Research Leboratory,
Aberdeen Proving Ground, Maryland 21005
1 ATTN: DRDAR-TSB-S (STINFO)

Project Manager, Ammunition Production Base, Modernization and
Expansion, Dover, New Jersey 07801
1 ATTN: DRCPM-PBM-PB

Project Manager, Navigation/Control Systems, Fort Monmouth, New
Jersey 07703
s 1 ATTN: DRCPM-NC-TM

Commander, Avionics Research and Development Activity, ;
; Fort Monmouth, New Jersey 07703
1 ATTN: DAVAA-O

Commander, U.S. Air Force Materials Laboratory, Manufacturing Tech-
nology Division, Wright-Patterson Air Force Base, Ohio L5433
ATTN: AFML/LTM

AFML/LTN

AFML/LTE

Sy

AVCO Lycoming Corporation, 550 South Main Street, Stratford,
Connecticut 06497
2 ATTN: Manager, Process Technology Laboratory

155

| i
| S PN PR g A S SR TN T R AT

B st




z DISTRIBUTION LIST

No. of
Copies To

Bell Helicopter Textron, Division of Textron, Inc., P.0. Box 482,
Fort Worth, Texas T6101
2 ATTN: Chief, Manufacturing Technology

Boeing Vertol Company, Box 16858, Philadelphia, Pennsylvania 19142
2 ATTN: Chief, Manufacturing Technology

Detroit Diesel Allison Division, General Motors Corporation, P.O.
| Box 894, Indianapolis, Indiana L6206
g 2 ATTN: General Manager

|

Garrett Corporation, 4531 N. Lindbergh, Bridgeton, Missouri 63042
2 ATTN: Mr. A. Beverage

General Electric Company, 10449 St. Charles Rock Road,
St. Ann, Missouri 6307k
2 ATTN: Mr. H. Franzen

Grumman Aerospace Corporation, Plant 2, Bethpage, New York 1171k
2 ATTN: Manager, Manufacturing Technology
Dept. 231

n

Hughes Helicopter, Division of Summa Corporation, Centinella Avenue
at Teale Street, Culver City, California 90230
2 ATTN: Bldg. 314, M/S T-419

Kemen Aerospace Corporation, Bloomfield, Connecticut 06002
2 ATTN: Chief, Materials Engineering

Sikorsky Aircraft Division, United Technologies Corporation,
Stratford, Connecticut 06497
2 ATTN: Manufacturing Tech.

Solar Turbines International, P.O. Box 80966, San Diego, California
92138
| 2 ATTN: Mr. J. Hussey

2 United Technologies Corporation, Pratt and Whitney Aircraft Division,

Manufacturing Research and Development, East Hartford, Connecticut
06168

156




DISTRIBUTION LIST

No. of
Copies To :

Director, Army Materials and Mechanics Research Center,
Watertown, Massaxhusetts 02172
ATTN: DRXMR-PL

DRXMR-AP

DRXMR-PR

DRXMR-PD
Author - DRXMR-ER

HHEREN

TP e ——

e -

157 i




ammn e s Ce—— RS e SESS SIS CEDRNG CIAEND meoed S S———
‘ean3onaze Aguad
L 90 #20713w05tdde BUTArof JTIEEe J9Q10 ¥R [TaA sw saede pRTQ JOJ 3arped0ad UOTINOTIQE) FIRUIIITY

1T A3 peiUnTuAS 32aq eny uFjeep Jeds JUOT 100 U433 PIPUOQ UOTENIITP I JO $ITISTINIIRINNC NIFIRS Y3 ‘ATTWULY
“HaTITTWALOUQE AUw o) Saqny Jwds DaDuOQ YA ‘LN ‘paadadeuy ATIATIINILEIP-UOU DU ‘e3qny 1wds HAVH NOVIE QIRLT
005 3% ‘aesyl PAPUOQ FOTANGSTR ATINJesecons ewy weadoad 1D9(qne L PIINNTEAS UIIQ IAWY UOFIFPUOD TR IIINE puw
weTINIIwA PITPUO] 03 PATINTEL sasieumsed $8I00L PIIINIIIUCD pue PIUPTEAp USQ Sy 3dWYs M0j-aad UOFIWINFTIU0D
PeioaTes Ay Mujpuog ATTI0MOWeIee puw Bupdmerd jo 21qwded 9) QITYA JUTTOOL “INOjuU0d TWURS ey O3 pamioy deaid
£73507basne DIW PAPUOY GOTENSEP TS INORUFIUCD FUFAQ JO A119dE0 8] WY UOTINMIFIUCD W 03U TVIIIWE 39908
WIINAEL WIS W04 DREO; aqwaq P10 ATFER 3Q PIMOS 3WY3 suopjedado Fupmyowsnuwa puv smioj-aad Jeds adwys snog
~A%A DRISIIAN PUW pa3eF}isaau] SEY WesFoud 30e(qNs AL 'IN0JUOD TWAS PIIFnBAI Y3 03 PImIoy deatd ATiusnbesqns
B Rojeesd EIINALL el wio-aud 19qe E TRy adeys [WOTJpUR A PIWIO; IWWIQ PTOD ¥ UOL O3 PrAA oaw wmswid v
soun sawds 2PWIQ 0304 Fjwm 2aud 4 dAYH NOVTE ABIY YO9HA 943 BUTMiowinuwa Jo; 982902d u0E3oNpoLd uILMD
eawds apuiy 9304 Gjwe 493400319 Av-(Y) AOTTW ENIUWIFA 3800 JAAOT ‘IIQWFIL 2397Iqwy 03 seavoxd ‘4Is) ‘Puypuog
TR0 WeaS INOMEIIA0) 343 JO N 393 013oNposd 03U} UL dW puw FUFINTRAS 3w PawTE ATAIVEIIIN SdaA

et saudodftay GLET *0f 23qma3dag O3 SLET ‘T 49q03%0 :3Jdoday TeUTd
iy ¢

1390014 ¥/

3280 9100-0-9L=979¥YQ 39923u0d
ajpuog BOTENGSTT 937q93-8n1 1T
410 JuMAwy 3goday Tedjuyday
sawd3 20308
Lorry IRl 20990 INDTIDIWIO) PA03INIIS
dojyeodioy ywadITy pajzun
pa08 ke 30 GOTSTAIQ 3SRIVITY AXIIONTS
90N ‘p UYoL PUW JUSEWUOY ‘[ UOJEK
TYIMILYA 133HS ANINVLIL ONIQNOG
OISN4ATQ WYES SAOONIINOD XE SNV4S HOLOM NIVH
MELJOOTTIH 40 NOILVOIMEVA AL HO4 XAOOTONHOAL
QNY OHIIN ONIMALOVANNVW 40 INIAHSITEVLSI
2LT20 ®3INONYINEIVH ‘UAOIISIM
v 29303) 419983y SOTUNGII PuV STRIIIjwy AmIy

“89IN3INAIS 33WID
=17 AR-TV9-TL U0 $UOF3worrdde Sujujol JPTW)e J3GI0 §W [TaA 99 sseds SPPIQ I0j ANPas0id UOTINITIQE; 2IPUIIZTE
U% 8% PAJIIPIEUOD 3q PTNOYS UIFYA §82004d BUTINIORINUWE STQUFA © 3q 03 PUNO; puw ‘Bu3se) anFiie; usmpdads sreos

T3 £q pasjenTeas uaaq eey uPFesp Jede PUOT 3003 UIF PIPUOQ UOTENIJTP 373 JO ETISTJRIoNIWNS nBT3wg aul ‘ATTRaALy
‘93537 TVRIOUQE Aaw Joj 8aqn3 Jeds pepuod 43 ‘IqN ‘PI3Idadsuj ATIAFIONIIEIP-UOU puw ‘$aqn3 Jwds NAVH NOVIE YIRuST
300] ue3 ‘3943 PAPUOQ UOTENFJFP ATTNIEE200NS ewy weaFoid 30a(qNS YL “PAINNTEAS UIIQ IARY TUOFITPUOD TEIISIWE puw
#3TquIdeA Fujpuoq 03 FUTINTI sIejemwied $82001 PIIINISUOD PUW PIUBTEIP usaq evy adeys Wioj-9ad wWORIRINI] uod
P2339Ta8 243 FUFpUOQ ATFI030938T39s puw Fujdmers O 21qwedes #F GIFYA FIFTOOL °INOIUOD TWUFS U3 03 PImA0y dIaid
Ar3usnbasqns puw PIPUOq UOFENIJP Weas Snonujjucd Fujaq jo rywdeo -« w3 E:u-a::ou » 03Ul TRIISLNE 32908
WOFUNIFY IV WOIZ PIWIOS IYWAQ P1OY ATINS 3Q PINOD IWY3 1d zwds adwys snoj
~d%A PIIWOTIQR) puw DPIIRFFIIAUT SWY weaBod 30a(qne YL  INO3UOD WA vo.:.:vo.. 43 3 pomio; daaid Arjmanbasqns
9] wioj-24d wnyIWypy YL wIoj-2ad 399qs @njuwTy adeys TOTIPUITAD PImIO; IYRIQ PTOD ¥ IOl 03 Praa Saw waserd w
s3sn saeds IpeTq 20302 upwm 223dODFTAY YMVH HOVIE AWIY VO9HN 243 Buj 10; wsad0xd d juaamd gy
"sreds 3PTQ 20302 UFYR 123d0JTTIW An-Ty9 LOTTW ENJUWIFI 3800 IIAOT *I[QWFTAI 239074qw) 03 sead0xd ‘gasy v..:x.on
UOTENJJTQ WAg INONUTIUO) Y3 JO Ien U3 uof3anpod auy Tdut pue % peEye —
Q5qA swwaBord IyWW ¢ ; PUS $poyIN Bu

pea0suods AmIy °S °f) JO ST ¥ sezivamne 32008 -uﬂ.

pe1E 193dodTTH gL6T ‘0t taqmaideg 03 ST *T 3030 :3doday TRUTL
Bugugor :399fodd v/Q
4082 9T00-0-9L~9MO¥VQ 3IWI380)
Bugpuog woTenII¥d $37qw3-8nTT}
HID JHWAY 33odey TeOFURY
sawdg 10304
ASTLY:wpueatl 20990 3NDF3VWOD *PI0FIAIS
3073830d20) IFVIITY PIIFUL
wpaoN Koy 30 UOTSTATQ WIDITY AX$IONTS
swON7] P UYO, PUW JWSERUOY [ UOIWR
TVIMALYW 133HS WNINVIIL ONIQNOS
HOISNALIC WYES SNONNIINOD X€ SHYAS HOLOM NIVK
NOILNEIHLSIA CALINITHN MALJOOITEH 4O NOLLVOINAVA IHL HO4 XOOTONHOAL
@ I4ISSYIONN ANV QOHIIW ONINALOVINNVA 4O LNIWHSITEVLSI
2L120 93198TUINSIWY ‘TAOIIRIWA
av 22303) pue o Amry

— FOT4A vEmaSosd Lygy ‘ DoTowioal IR poylan Mpamiow nawy paiosuodes Amiy 3 Q) JO ST W sazjawamns jiodax 9L

‘82ImIoNIIe 3590
3L 50 3395305 Tddy FURUFO NTEE S3030 W TTIA 90 Savds 97RTq H0j 247a20id UOTINFIAN S3WuIRITw

a3aq #% u9395p wds Fuoy 3003 123 POPUOQ UOTERIITP 943 JO SOTITIIONANS NBFI8) U3 *ATTRITL
“93733TwRI0UQW AW 20; 9aqni seds DIPUOQ I3 ‘IIN ‘pe3dadsuj LTSAF3IONIIEID-UCU PUE ‘83qn3 Jeds YAYH NOVIE YaBueT
300) 83 ‘29273 DIPUOQ IOTINGSEP ATINESAoNe ewy mwaRold 103(3N8 UL CPIINNTEAI UIIQ AW UOFIFPUO TWIIIIm pUW
#aTqRIINA FuTPUOY O3 FIFINTeL esaiswwawd 9893014 PIIINIRSUOD PUW PIuUTFTIIP 193 By dWYS W0J-21d UOFIVANITFUCD
3333739 a5y Furpuog ATTI0309387399 puw FurdWeTd Jo arqeded 87 gOFYA FUproor INO3UOD TWURS 943 03 pamioy daald
£73uanbasqns DUW PIPUOQ IOTENJ TP WIS INONUTIUOD FuyAQ o arawdes §7 wyy UGTIRMBLSUCD B OUT TETIIINT 39S
WTANITI IS WL PIWIO; AW PTOY ATFINA 33 PINOS WYL suojjwaado Furamiowsnuwm pue smIoz-9ad seds adweys snoj
~IWA PRIROFIQWS PUW PaeFII8AALT SWY WWaBoad 399[3NE Y CINOUOD TVUT; PaInbei ay3 03 pamio; deaid AT3uanbaEqns
95 Woj-3id ENTINGL YL W10 -aad 19309 @njUwifi adwye TEITIPUSTLD PIWIOS IWRIQ PTOD W TFO[ 03 PrIA Oaw waswrd ¥

_ 9257 sawds PRI 10302 4FWR 1340DFTIY NMYH ¥OVIE ALY YOQHN 9Y3 PATMIORINTNE J0j 992003d u0F3onpoad WSLMD YL — sasn sawds 2pRIq 10302 Ijwa 293d0OTTAY YAVH NOVTE AWIY YO9HN Y3 PUTM3OBINUEE o3 $82302d uOFIINPOId 3WSLMD L
“ereds aperq 20302 ujwa 223d02319G An=TY) LOTTW EINTUWIT3 390D JIAOT ITQAPFTAL IIWITIqwy O3 98adoxd ‘gas) ‘Fuypuog “sreds apuTq 2030 uFPE Ja3dedTTaY An-Ty¥3 AOTTR WNTTEIT3 3803 JAAOY ‘ITQETIIZ 33WITIQW 03 seadoxd ‘93sy ‘Puppuogy
0TINGJIC WIS INONUTITO) Y3 JO N 3q3 Iojionpoxd 03uj Fujiwamerdwy puw FurinTmad 39 peme ATAIWEIIMM AIaA 4OTSNIJTQ WIS SNONUTAUC) Y3 JO I8N Y3 UOF3oNPoad ojuj FUFIusmRTdws PUR PUTINNTEAS 3W PIUTE ATIIWEIIIT i
279A smesdosd Lygd ‘IOTOUINAL PUS EPOYIAN FUTMIININUVA PIIosucds Amry 5 ‘(] JO $ITI98 ¥ sIzjiwmms jaodes TYL — qorya swwaBod IgN ‘ABOTOUYORL PUR SPOYIIN Fulm3duInuURK paiosuods Amry S N O $ITIIE v sezjiwmmnms jz0ded STyl
— vetg sadodyrey 96T ‘0t Iaqueddag 03 GLET ‘T 1390330 :3dodey TRUR4 opR1g 133dodTToH QL6T ‘Of Iaquendas 03 GLET ‘T I9q0320 :3doday TRULS —
ugatop :339001d v/a Sujuor 13930044 ¥/Q
2080 9T00-0-9L-9nOVYQ 399130) 4080 3100-0-3L-979Y¥Q 399330y
Fagpdog woFenysiq #37qw3-en 1T} Puppuog woTeng3rd 8273w3-80 113
¥ID JMWAY 3S0dey T8ITuqdd HID JHWNY 3x0dey TOTUYRL
s1vdg 10304 sawds 20308
Aotty Wniaeagy 20990 ANOTIWIO) *PI0FIRAIS KoTty wnjueajl 20990 3NDFIMBUUO) *PIOFINAIS
2073940440 1JWAITY PRITUN 2073wa0d10) IFRAITY PIIFUN
*odon Kax 30 UOTSTATQ 2 WIDITY AXSIONTS spaon Aoy 3O UOTSTATQ WBIOITY AXSIOATS
S9N ‘[ TUOP PUR JeEEWUO ‘[ TOIWN S9o07 [ UYOP PU JeSSwNO ‘[ UOIWN
TYIMAIYA I33HS WNINVLIL DNIQNOE TYIHALYR L3THS WNINVLIL ONIQNOR
NOISNJAIA WYS SNONNIIKOO X SNYJS HOLOY NIVW HOISAAIT WYES SNONNIINOO X8 SHY4S HOLOY KIVW
NOILNGIAISIQ QEIINITHN MALJOOITAH 4O . OILVOINEVA JRL ¥O4 XDOTONHOZL NOTLNGTHLSI GALIAITHA MIIJOOTTHH 40 NOILYOIMEYJ IHI HO4 XDOTOMHOZL
— TI4ISIVIONN ANV QOHLOW ONI4NLOVANNYA 40 LNIWHSITEVLISA TEI4ISSYIOND ANV QOHIIN ONTMALOVNNVA 4O LNGWHSITEVLSI
2LT20 83398TUIREsWY ‘TAO3I9IWA 2LT20 9339ETYINSIWY ‘TAOIIDINM
av 293U) QIIWINIY SOTUNLON DU STRIIIwy Amry o I33UA) QOINASAN EOTUNGINWN PUS STRIINIER Amxy
Wb o s s iy Sl L e o e Sk TS
~ -
LT e - —
- e e 4 o
B SR> A ey - -

— —— — —— — —
T 8INIONIIS dklht
179 AY-T¥9-71 uo 3u0F3EsFIdds Fupufol L9TIEE 9UI0 N [{aA 99 seds SPRIA 05 927Pedoid UOFINOTAQE; 93V

W $% PILIPIIUOI 3Q PINOYS YOFHA seavodd JUTINIONINUNE STJUFA U 3Q 03 PUNO; pus ‘FTIsI3 INFIIN; awyIRd:
1My £q PaIenTeAl Uasq eny uFFsep Jeds FUOT 3007 UIL PIPUOQ UOTSTIJIP IY3F JO SO13I8TIIININYC n#r3eg g3
*e3yqyreRdouqe Auv J0; saqny Juds papuoqd 43 ‘IAN ‘Pe3dadsuj ATIATIONIISIP-UOU puw ‘SIqn JwdS NMVH NOVIE {iPueT

4003 U3 ‘29aY3 DIPUOQ UOTENFSFP ATTNJEss0ons sey wedPoad 309(qNS YL °PIIENTEAI UIIQ FARY UCTITPUOD TRIIIINE puw
857quiasA BuTpuoq 03 FATINT9L 81939wwsed $82002J - PIIINIISUOD PUN PIUTTIIP UL 7Y WY W0j-31T WOFIWANF}Su0D
2309798 243 Buypuoq ATFI0308387398 puw Supdmers O 3Tawdes §F GITYA FUFTOOL -INOIUOD TSRS IUI O3 pamio; daasd
£13usnbasqns puw PIPuUO] :0FENJIIP WeS NONUTIUED Fuaq jo Irwdws -‘ unna no«u-\.:w:uou ® O3UT TEIILINE 323GE

INFUBITI IVTF WOIJ PIWIOS aYWIq PTOD ATFEYS aq PINOD WYY 3-012 aeds adwus snoy
-19A D2IWOTIQR) puUv PIIHFISIAUT SUY WIFoxd 309(QNS 3L  *IN0IU0D a-uc vﬂ...vo._ aus 8 pomio; daa1> Arauenbesyns
87 wioj-ad @nyuwajy UL ‘wro-2ad 193ys WNTUe33 dYS TESTIPUFTAD PIWIOF IY®AQ PTOD W UFOl 03 PrAA orw waserd v

ST 4 W A S A PO

P

2 cxmmgyy ez,

g ST



e

s o e G e CETED SE D DD GO GO G St e
88IN3ONI3E FjuaD

~ITW Aq=T¥9-}L UO $2073wdTdde Bupupol JeTEe I5q30 W TT3A 99 saede IPWIQ J0) 247Padod UOFIWOTIqE; 23WUIIITH
IW 3% PALIPTRAAI A PINOYE YITUA $33203d FuIMIdWInUNA ITITA ¥ 9q 03 punoj puw ‘FUTIsey InPyiwy zewpiade arwos
TS 43 PIIENTEA? Ua3Q $WY uBTeIp Jeds FUOT 300) UII PIPUOQ UOTENFFTP I3 JO IFISTINIONINYS NPFIe) ay3 ‘ATTwuRy
33p3jTwaIouqu AUw 2o 8aqna wds papUOQ T3 ‘IAN ‘pIrdadeu) ATIATAINIAEIP-UCH Puw ‘33qny Iwds NAVH YOVIE UBuST
390) U} ‘I3 PAPUOQ UOTINGJFP ATTNJEEAIONS ey WweaPoud 323[qN YL ‘PIINNTEAI UIIQ IARY UOTIFPUCY TELIIINE DU
#313e33wa FTPUO] 03 FUFINTIL 84333weswd 989204 - PIIINIISUO PU PIUFTEIp Uaq iy adwys WOZ-aad UOFIWINDTIU0D
P9323799 Y3 FuTPI0Q ATTI03093973we puw Furdae(d jo 21qedwd 8 QIFYA FUFTOOL ‘INOLUOD TWUES eyl O3 pamaoy daalo
Arjuandasqne puw PIpUOQ :OTENJJEP WERS Inonujiucy FuFaq 3O ITARdRs 8T Y3 UOTINNIFIUOD W OUT TRFIIWE 33IYS
ETUNITI WIS WL PIWIOS 9YRJQ PIOD LTINS 3q PIMOD IeY; suotisdado Fupmidejnuwa puw smioj-eid reds adwis snoj
~49A DIWDTIQR PU PIRFTIsIauT swy FesFoad 303(qNe YL  INOIUCD TRATS DRIFNbIL ay3 O3 pamioy deasd Arquanbasqns
97 Wioj-aad WNIINITI YL @I0j-24d 1294 anfueify adwys TWOFIPUFIAD PIWIO; ANWIQ PTOd ® upof O3 PraA oxw wmserd w
9230 reds 3pETq 20302 uFWE 223dODFTAY NAVH NOVIE AmIy VO9HN 43 Pupmidwnuwm Ioj #8300ad uOp3onpodd uaLMO YL
rededs IpRTQ 20904 dfEE 233d0ITTIY An=TY¥Y AOTTE TIURIFA 380D IIAOT ‘ITARTTAI 33W0T4qw) 03 983v0ad ‘gIsy ‘Puypuog
4OINJJIC WSS ENONUEIUO) YI JO 8N Y3 uoFIonposd 03uj MTIueme TdEy puw FUFINTRAS v PIETE ATIIWEIIIN SJaA
QO79A sweaBold IgaN ‘AS0TOTINAL PR SPOYIIN PIFMIoRsnUWN PIIOWUOds AWy ‘S 0 JO $ITIIE W SIZ[Iwams 3dodal BTYL

peg 133dody ey QL6T ‘0f eqmaidag 03 U6T T 290330 :3doday TURY
Jugagop :399f0aq v/q
4as 9100-0-9L-910¥YQ 308230y
Puypuog I03INISTQ #21q93-3n 111
HIO DHRNY 34043y TEITUYIIL
sawds 10304

ok Mpey Ly 20990 3nojaceuue) *pI0IRAIS

40739204400 WWADIFY PasFUL
D08 Loy 40 UOTSTATA AWIIITY Axei0NTg
890N P UYOpQ puw JWSSWUOH [ uOIwy
TYISILYW 133HS WNINVLIL ONIANOS
NOISNALIQ WYES SNONNIINOO X8 SMVAS MOLOY NIVA
MALCOITEN 40 NOILYOIMAYVA AL 404 ADUTONHOAL
QNY QORIIW ONTMALOYNNVA 40 INIWHSITEVLSI
2LT20 93399NYIWESWY ‘UAOIIIIWA

v 13102 YOIV SOTUNGIIN DUW STIIIIVN Amry

NOILNMEINLSIT JELTWTTNA
CITJISSYIOND

#8ANIINIIS 3 WID
=419 Aq-T¥9-1L U0 920338d37dds Pujujol IVTTWIS 25030 W [TaA 9 6Iwds 9pwIQ I0J 21nPesoad UOTINITIAR; IIBUIIZTE

A ———————

a® §% DaIIP}IUOD 3q PTNOYS YIFYA $8200ad Bujanjowsnuww ITQEIa ¥ 2Qq O3 PUNO; Puw ‘Sufisey anPiiey usmyoeds aTWOS
Ty £Q paaPNnTead Uaaq ewy uBsap Ieds PUOT 1003 UL PAPUO] 33 Jo 933wy Y3 ‘Arreary
‘83737 TPRIOUQE Auv Joj $aqn3 Jwds Papuoq W3 ‘IAN ‘pa3dadsuj ATPAFIONIIAP-UCU PUY ‘§aqna Iede WmyH NOVIE YIPuAT
3003 U9 ‘29373 PapUOQ UOTENIJFP ATTNJSEa2oNs swy WweaFoid 30(qné GL ‘PIIUNTEAS UIRQ PARY UOFIFPEOD TRISINE puw
qe}. ¥appuoq 03 Fu aed 9832013 puw pauFieap usaq vy adwys mi0j-aad UOFIRIMBTIUOD
P2323198 343 Fuypuoq AT120309387398 pue Furdwed jo arqeded 85 §OfUA FIFTOOL INO3UOD TRURF IW3 03 PImIOy 483>
AT3uanbasqns puv Papuoq EOFENZIFP WIS SNORUTIUOD FuTAQ JO 2T49dES 6T WL OTINMIYIUCD W OIUF TWIINIWE eeus
WNFUWIFY I9[J WOI PIWIO; IAWIQ PIOD LTINS 3q PINOD 3wY3 suojiesado Furmiowsnuwm puw swioj-ead swds adeys snoj
~dWA PIIWOTIQW} puv PIINB}183AuT ewY meaFoud 30a[QNe YL *JNO3u0d TWAFZ PIIInbal ay3 03 pamioj deax> Ariuanbasgns
97 @i0j-91d @MUY}l YL ‘WIoj-aad 329Yys GnjUw3f3 adwys TESTIPUSTAD PIWIOJ IWRAQ PTOS ¥ uLof O3 Praa S wwseid ¥
#3sn sreds 2pwTQ 030X upem I3340TTTIY YMVR NOVIE AWIY ¥O9HN aqr BT 203 wead02d uof d jusimd ayr
*sawds apeTQ 0304 UFWR 223dOFTIY AN-TVY LOTTY WNTUW3]3 3900 JAAOT ‘PTARTIAI 23IWITQw) 03 sesd0ad *gasy *Pugpaog
UOTSNJJTU WIS SNONUFIA0) Y3 JO 8N Y3 UOT3INPod 0] FUFIUIGTANT puw FUIIINTEAD IW PN ATPIWIIIM SIaa
QoA sweaBod Ly ‘£BOTOUYOIL PUR SPOYIMN BujamiIdusnuws palosuods AWy S ‘) JO SITIIE ¥ sezjiwamns 33048l STYIL

sperg 2234027 T QL6T ‘0f 33qmeadag 03 CUET ‘T 2330330 :3dodey Twasd
Fusutop :399f0ag v/q
4080 9T00-0-9L-97OVYq 39833000
Sutpuog wopENFIiQ ®27a93-enTI]
HIO DWAAY 330808 TOTUNSRL
sawdg 10304

Lorry Enpewsty 20990 3nN9F329WU0) POIIRIIS

uogaeiodio) IJIIITY PIIFUN

opaon K3y 30 UOTSTATQ BTy A¥sIONFS
#9ONT [ UYO[ PUW JESENUOY [ UOIWH

TYISIIYA L3HS WNINVIIL ONIQNOE

HOISNALIC WYES SNONNLINOD 8 S¥VJS WOLOE KIVAW
MAlJOOTTEH 40 NOILVOINEVA FHL HO4 ADOTOMKIALL
QNV QOHLIW ONIMALOVANNVA 0 LNIWHSITEVLSE

NOILNETHLSIT CALIATINA
QET4ISSYIONN
2LT20 #3IP8NYINESW ‘GAOIISIWM
) 233030 L pue Ay

‘eaIMITAS NI

“33% An-T¥9-}1 U0 32071907 ddw FUTUTO] LETIWS 13930 ¥V TTA 99 329d8 3DRTQ 07 urPadoad UOTIWITIQN; 2IPUIIITE
49 3% DIIIPTITOI IQ PTNOTI 4O7YA $9320d FupInIdRInuUWE ITQUEA ¥ 3Q 03 PUMO; puw ‘Bufisey anFiiwy uvempoade aTwos
TMs 43 paiwnTRAl 333q swq uBysap Jwds FUOT 1005 U3 PIPUOQ UOFENIITP U3 JO SO5ISTIIVRINGY NITwy Y3 ‘ATTWATH
33737 TWRIOUQE AU 10 9303 2udS DAPUOQ WA LI ‘pardadaul ATIATAINLAEIP-UOU U ‘3aqny I9dS VY NOVIE WIBUST
3005 383 ‘38J73 PIPUOQ UOTANIJIP ATIMESIoNE swy Wes¥oid 102(qNE T ' PIINN[EA UIIQ IAWY UOFIIPUCI TEFIIINW puw
$27qWIINA FUTpuOq 03 FuPINTIL widiwwsed 9830014 PRjINIIST0D PUW PIUBTEIp u2aq svy odwys @I0F-31d UOTINIMPTIU0D
PI339T39 243 uppaoq £17403093873198 puw Fupdawrd jo arqedes 87 GIFYA JUFTOOL 'INO3UOD TWULS Y3 03 pamioy daald
£72290b29q08 DTR PIPUOQ IOTENIITH WS STONUFIUOD I3 JO 2TAwdEs 8 WYy UOFIR.MITIUOD ® OUT TSIV 39aqs
ATIIIFL ARTS WL PIWO; IYWAQ DIOD ATEES 3q PIMOS 3993 suOFIRIado FUTM3oWINIVE PUS sWI0F-2d Ivds adegs snoy
~I9A PIIWTIAN; pUW PIINFTISIAUT 99y weaPoad 09(qNE YT *INOJUOD TRUFS DIIFnbIL Y3 03 pamio; daasd Arauanbasqns
95 BI0j-aad WAL YL CWI05-3ad 12908 ENTTRyI dRge [WIFIPUFTAD PIWIO; INWIQ PTOS ¥ IO O3 PrIm Oxe waserd v
3230 Savds 3pRTQ 20303 I 2333095 TY YAYH HOVIE AWMLy yOgHA 9U3 BUTMIOWINAWE 20 9992024 uoFionposd IWILMS YL
‘sseds 3pw1q 10304 UFWE 123d0FTIY Av-TY) LOTTW FNJUWIFL 1800 JIAOT ‘ITAVFTIL 3WITIQR) 03 ssIdoxd ‘gasy ‘Paypuog
JOTINSSI0 IAg INONUTRA0) IYY JO N 33 20fIMNpoad Ouf NIIuemerdEy puw FULIENTEAS 3w PIETE ATIIVWIIMM IdaA
Q548 smeaPord Lyl ‘AFOTOTINNL PIW EPOYIAN BuTMIdwInuwy pIiosIods AWy 3 'Q JO €3TIIE ¥ SITTIWEMS jiodel ST

peTd 1adodtTay 9L61 'Of Iaqmadag 03 SLET ‘T 299030 :jx0dey TedTy
Bupator :393foag v/q
2380 9T00-0-9L=910V¥Yd 3I9WI3u0)
Baypaog wozenziIq $37Q93-80 1T}
MIO JUWAY 30dey TwOFuyIRL
sa9dg 1030y

KoTTY anyawagy 20990 3NDF32PWUOY ‘PIOFINIIG
uo33810d10) IJRIAITY PRIFUN

paon Lay

SOILMMTMISIT QALIATTNA

30 UOTSTATQ WD AXIONTS

SWONT "[ THOL PUW IVESWUO [ UOIWN

TVISILYW I3ZHS WNINVLIL ONIQNOG

NOISNALI WVES SMOMNTINOD X8 SHVAS HOLON KIVA
MEIJOOTTAN 4O . OILVOIMHY4 AL HOd AOOTONHOZL

CAT4ISSYIONN NV JOHLIAN ONIHNLOVINNYA 40 LNINHSITEVISI
2LT20 #33asnuIReewy ‘TAOIIBYEN
av 223U9) QOIWEIY SOTUNYIIN PUW STRIIajwy Amry
D C—— c— CE— SE— —— — ——— a— —

—

$2InIoNAYS 23¥20

-2§9 An-T¥9-F. uo Suof3wdFTdds PUFuTOl APTIWS J343C 99 TTAA §% sIeds IPPIQ 05 92 ped0ad UOFINDTIQE; I3IVUIIITW
49 9% PIJIPTIUCO 3Q PTNOUS YOTys $83°01d BUTINFORINUEE ITIVFA U Iq 03 PUNO puw ‘Puyissy anPriw; eEpdeds STwOs
T AQ PaIwnTEAs u2aq ey uPFsep Ieds FuUOT 3003 UI3 PIPUOQ UOFSTIFTP 943 JO SITISTINIORIRYS  NBIey AU ‘ATTRALL
3373} RMIOUq Auw 203 82an3 Juds POPUOQ 43 ‘IQN *Pe3oadsul ATPAFIINJISIP-UOY PUW *$IqNI IwdS NMVH NOVIE uIPueT
3003 U3 ‘29493 PAPUOQ UOTSAIITP ATINIES200Ns 8By Wex¥oid 303[qns YL PIIWNTEA? USIQ PARY UCFIFPUCD TEIISIWE Puw
#97qUTIvA BUPUOQ 03 BUFIRCSI suejemesed 9890037 °PIIINIISUOD DU PAUBFSIP ueaq $vy adwys =roj-aid UOTIWANF;uUOD
P232973¢ au3 Furpuoq ATTI03997687198 puw Futduetd jo arqeded s QITUA FATTO0I CINOIUSD TRUR) WL O3 pamio; daaas
£73uanbasqns puw PIPUO OJSNIITP WEIs SNONUFIUOD FuFaq JO ITIWAVS 8F WYL UOTIWMIEIUOD W O] TEIIIINT 32aUS
WNFUBITY W WII3 PIWIO; IYWIQ PIOD ATTENS 2Q PINOD 393 suojyesado BATIMIORZNUWI pue SmI0j-eid teds adwys snoj
-2wA PP3IVOTIQRS puw PIINPFISLAUT swy TeaFoxd 30a(QNS IYL "INOju0d TEUE PAITnbad Y3 03 pemio; deazd Arauenbasqns
8% W03-314 MITITA YL " RI0F-23d 199YS WNTURI}y SAWYS TEOTAPUFTAD PIWIOF IYWIQ PTOD ¥ IFOf 03 PTAA OIv waswid ®
sasn 8awds 9PRIQ 40302 UFVE 293d0OTTIY YMVE NOVIE AWIY YOOHN 943 PuT. 105 ssed0ad 4 qusamy Iy
sreds 3purq 20301 upwm 223d0IFT3Y A-TY9 AOTT® WNIURIF3 380D JAAOT ‘TAVFIaZ 239D7IQEj 03 $82904d *glsy ‘Suypuoy
UOTSNJJFQ WeSS SNONUTRUO) Y3 JO I8N 943 UOFIONPod 03uT PupIuLER (W} Puw BUTIUNTEAD I¥ PO ATAWETIIn Aiam
YIFIA 9WeIF0Id IyAW *ABOTOUNI9L PUW SPOYIIW Ful.midwnuwy pedosuods Amay S [} JO $IFII  sezjiwamns jrodes EIY

opurd 193dodTTeH QLET *0f Ieqmeadag 03 SLET ‘T I9q0330 :3zodey Teuld

Supugop 1308004 v/C

4asd 9100-0-9L-970W¥Q 39wa3u0)

Butpuog woteniziq s37aW-snITY
HIO DHANY 330d0¥ TSTWINL
sawdg 0304
£oTTy wnjuwaty 20390 3N23AWMI0Y *PIOJINAIE
2074830d10) 1IBIDIFY POIFUN

spaon Aoy

NOILNEIMLSIA QALIWIINA
QITLISSVIONN

av

JO UOTSTATQ ISWIdaTy Awszowys

S9N ‘[ UYOP PUR IVSEWIOE C [ UOJWK

TYIMIIVA L3NS ANINVLIIS DRIONOE

NOISN4AIQ WYES SMONKIIKOD X6 SHYAS MOLOM KIVK
HALJOOITEY 40 NOIIVOIMHYd FHLI WO XDOTONKOZIL
QY COHITA ORIMALOVANNYW 40 INEWHSITEYLSI
2L120 $30enyOVesEK ‘aA0Izewn

223U8) QIIWIEAY EITUWLIAY PUN ETEIIIIwR Amry

I RAY

e

PN BT TR, TR Y




